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DIASTROPHISM AND MOUNTAIN BUILDING 
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ABSTRACT 


For many years the terms orogeny and mountain building have been used so loosely 
that they no longer convey definite meanings. Because of this lack of precision, hypothe- 
ses of diastrophism are often based on false premises. 

Folding and thrusting, often referred to as tectogenesis or orogeny, is best displayed 
by stratified rocks. Some geologists believe that folds and thrusts are due to vertical 
movements accompanied by lateral spreading, that the strata are stretched an amount 
commensurate with the intensity of the folding, and that the opposite sides of the sedi- 
mentary packet do not move toward each other. Most geologists, however, agree that 
during folding and thrusting the strata are shortened and that the two opposite sides of 
the sedimentary packet move toward each other by an amount commensurate with the 
intensity of the folding. But it is not clear to what extent the entire crust in the deformed 
belt is shortened. In one extreme view, the two opposite ends of the deformed belt do not 
move toward each other, and the folds and thrusts result from gravity sliding. At the 
other extreme, the entire crust is believed to be shortened to the same extent as the sedi- 
mentary strata. 

An excellent example of broad vertical movements (epeirogenesis) that has never 
been sufficiently emphasized is in eastern North America, involving the Appalachians, 
Coastal Plain, and Continental Shelf. During the Mesozoic and Cenozoic the Fall-Line 
surface was depressed as much as 20,000 feet beneath the Continental Shelf, whereas it 
was uplifted at least 8000 feet over the Appalachians. The northeastern two-thirds of 
the Appalachian-Ouachita belt has been going up since the Jurassic, whereas the south- 
western third has been going down. Thus the present Appalachians are unrelated to the 
late Paleozoic folding. Certain metamorphic minerals—such as kyanite—or certain 
metamorphic assemblages—such as jadeite and quartz—form at confining pressures 
found only at depths of tens of miles, implying tremendous erosion wherever such min- 
erals or assemblages are exposed. 

Broad vertical movements, accompanied by high-angle faulting, are illustrated by the 
fault-block mountains of the Basin and Range Province and by such features as the 
Rhine graben and the Rift Valleys of Africa. 

Although the nature of the displacement along the San Andreas fault has been known 
for more than 50 years, only in recent decades have other large strike-slip faults been 
recognized. But it is now the fad to assign all kinds of faults and even nonexistent faults 
to the strike-slip category. In recent years seismologists have emphasized the importance 
of strike-slip faults. The author suggests that in the Fairview Peak-Dixie Valley, Nevada, 
earthquakes there is evidence that strike-slip movements are invading an area previ- 
ously characterized by Basin-Range structure. The geologic record indicates that large 
strike-slip faults have been distinctly subordinate to folding, broad vertical movements, 
and broad vertical movements accompanied by high-angle faulting. 

Possible displacement of the crust or the entire earth relative to the axis of rotation has 
been emphasized in recent years. Continental drift, if it occurs, is one such type of move- 
ment. Slipping of the entire crust over the mantle is another. Much research has been 
accomplished in paleomagnetism in recent years, but the data are too scanty and con- 
flicting to permit any definite conclusions. 

Among the possible causes of diastrophism are (1) contraction of the earth, (2) con- 
vection currents, (3) formation of large pockets of magma, (4) sialic materiai leaking 
out of the mantle, (5) conversion of sial to mantle by change of low-pressure minerals 
to high-pressure minerals, or the reverse, and (6) serpentinization or deserpentinization 
of the upper part of the mantle. 

Mountain building is merely one manifestation of vertical movements of the crust. 
In the past mountain building has been erroneously considered by many to be primarily 
the result of folding and thrusting. Certainly many modern ranges are the result of verti- 
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cal uplift unrelated to folding. Many such uplifts are accompanied by high-angle faulting 
to produce fault-block mountains. Blocks caught between strike-slip faults may be 
squeezed upward if the blocks move toward each other. Mountainous uplifts have also 
resulted from folding and thrusting. Conversely, in some folded belts erosion appears to 





have kept pace with the rise of the folds so that no mountains developed. 
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INTRODUCTION 


“Diastrophism is a general term for the 
process or processes of deformation of the 
earth’s crust. Products of diastrophism are 
continents, plateaus and mountains, ocean 
beds and valleys, faults and folds” (Gilbert, 


1890, p. 3). Contrasting, although related, 
geological processes are volcanism (including 
both extrusion and intrusion), erosion, and 
sedimentation. 

For many years the thinking of the geologi- 
cal profession has been impaired by numerous 
misconceptions concerning diastrophism. The 
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terms orogeny and mountain building are often 
used so loosely that they no longer have 
meaning. Hypotheses of orogeny, mountain 
building, and diastrophism are often concerned 
with irrelevant subjects and fail to treat the 
main problems. It is hoped, therefore, that 
this paper will clarify the problems of diastro- 
phism and mountain building. 

Professors Francis Birch and John Miller 
kindly read an early draft of this paper and 
made valuable suggestions for its improve- 
ment. Professors'George C. Kennedy and Leon 
Knopoff sent copies of their manuscripts prior 
to publication. Dr. Erwin Raisz graciously 
drafted most of the illustrations at a time when 
he was heavily engaged with other work. 


DIASTROPHISM 
Types of Diastrophism 


General discussion.—For many years, geol- 
ogy, especially in the English-speaking coun- 
tries, has been limping along with a two-fold 
dassification of diastrophism: epeirogeny and 
orogeny. It is generally agreed that epeirogeny 
refers to vertical movements affecting areas the 
size of continents or parts of continents (Gil- 
bert, 1890, p. 3, 340). But orogeny, literally 
signifying “mountain genesis”, has been used 
in a variety of ways, primarily because of a 
misconception of how mountains are formed. 
Because most mountain ranges are character- 
ized by folds and, in many instances by thrusts, 
it was assumed that the folding and thrusting 
produced the mountains. It was also a common 
practice—in the Appalachians, for example—to 
restore in imagination the now eroded strata 
and assume that former mountains towered to 
superalpine heights. 

Most geologists use the term orogeny in 
much the same sense as Upham (1894, p. 383), 
who said: 


“Previously the correlative terms orogeny and 
enic had come into use, denoting the process 
of formation of mountain ranges by folds, faults, 
upthrusts, and overthrusts, affecting comparatively 
narrow belts and lifting them in great ridges... .” 
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More recently, Holmes (1945, p. 106) has 
said: 


“...great mountain-building movements have 
been particularly active at certain times in the 
earth’s history, during which the rocks of long 
belts of the crust were intensely compressed. Earth 
Movements of this kind, and also the resulting 
folded belts are described as orogenic... 


” 








INTRODUCTION 


365 


One of the principal purposes of this paper is to 


demonstrate that many modern mountain 
ranges are not the result of folding and 
thrusting. 


TaBLe 1.—TEcTONIC PROCESSES 
(After Von Bubnoff) 














Tectogenesis | Diktyogenesis | Epeirogenesis 
Narrow span Intermediate Great span 
span 
Structural Structural Structure re- 
change change tained 
Episodic Episodic and Secular 
secular 
Not reversible | Partly rever- Reversible 
sible 
Not autono- Not autono- Autonomous 
mous mous 
Surficial | Deep Deep 








Von Bubnoff (1954, p. 49) has classified dias- 
trophic processes into three categories (Table 
1). Epeirogenesis is used by Von Bubnoff in 
much the same sense as in the United States; 
it refers to slow vertical movements affecting 
large areas. Tectogenesis refers to folding and 
thrusting; it affects relatively narrow belts of 
the earth, is episodic, and nonreversible. In 
the United States, the word orogeny is often 
used for what Von Bubnoff calls tectogenesis. 
Diktyogenesis—literally meaning “net 
building” or “frame building”—trefers to verti- 
cal movements affecting areas of lesser size 
than those affected by epeirogenic movements. 
Von Bubnoff emphasizes that diktyogenesis is 
an independent diastrophic process and is not 
a variety of the other two. According to him, 
most modern mountain ranges, “such as the 
Appalachians, Colorado Front Range, Vosges, 
and Black Forest, are the result of diktyogene- 
sis and are not the direct result of tectogenesis. 
Although there is some merit to Von Bubnoff’s 
terminology, Gilbert (1890, p. 340) intended 
that the term epeirogenic should apply to what 
has been called diktyogenesis. He says: “The 
concavity of the Bonneville Basin, whereby 
it is constituted an area of internal drainage, 
is epeirogenic.” 
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TABLE 2.—TECTONIC PROCESSES 


(After R. A. Sonder) 














Tectonic result 














Buckling, folding, overthrusting | 


: 


- Pe 
Transgression, regression, formation ail 8 


geosynclines and geanticlines; the 
movements produce bedding in the 
sediments 


Origin of radial shear fractures, opening 


of crustal fractures with magmatic | 


infiltration; formation and retention 
of regmatic fracture systems; hori- 
zontal displacement along major frac- 
tures 


Vertical faults, formation of horsts and 
graben, step faults, etc. 


No visible tectonic change in the crust, 
but changes in geographic latitude 





Nature of activity Principal processes 

1. Orogenesis Lateral compression with formation of 
a local crustal excess 

2. Epeirogenesis Vertical crustal movements, which are 
associated with crustal bending, but 
without large internal structural 
changes in the crust 

3. Regmagenesis Tangential stress of the crust 

4. Taphrogenesis Radial movements of the crust, along 
steep fractures 

5. Phorogenesis Tangential displacement (drift move- 
ments) of the solid crust over the 
asthenosphere 

6. Pyrogenesis Intrusion (plutonism) and extrusion 
(volcanism) of magma and magmatic 
derivatives 








TABLE 3.—TERMINOLOGY FOR VARIOUS 
TyYpEs OF DIASTROPHISM 








: E TT " = >, 
Terminology of this paper eas seed 








by others 
Folding and thrusting Tectogenesis, 
orogeny 
Broad vertical movements Epeirogenesis, 


diktyogenesis 
Broad vertical movements with | Taphrogenesis 


high-angle faulting 


Large-scale strike-slip displace- | Regmagenesis 
ments 
Slipping of crust over mantle Phorogenesis 








R. A. Sonder (1956, p. 13), as shown in 
Table 2, has a more elaborate classification of 
diastrophic processes. Horizontal compression, 
producing folds and overthrusts, is referred to 
as orogenesis. Vertical movements affecting 
large areas, and involving warping but not 
faulting, are called epeirogenesis. If such 


and longitude 


Intrusive rocks and dike rocks, vol- 
canoes, plateau eruptions, hydro- 
thermal veins, hot springs 








movements are accompanied by large high- 
angle faults this process is called taphrogenesis. 
The term regmagenesis was introduced by 
Sonder (Sonder and Vening Meinesz, 1947, p. 
939) for large steeply dipping fractures along 
which displacement, if it occurs, is strike slip. 
Phorogenesis refers to the sliding of the crust 
over the mantle, either in its entirety or piece- 
meal, as in continental drift. 

Although there may be some advantage in 
using a terminology based on Greek roots, 
employing the terms proposed by Von Bubnofi 
and Sonder, the author prefers to use the 
English terminology shown in Table 3. 

Folding and thrusting.—In this section of the 
paper we are concerned with folds, fold 
systems, thrusts, and overthrusts. This type of 
diastrophism, called tectogenesis by Von 
Bubnoff (1954), has been referred to as orogeny 
by R. A. Sonder (1956) and by many in this 
country. Examples of folds and related thrusts 
are known from all over the world. Figure 1 





illustrates the structure of the Valley and 
Ridge Province of the Appalachians (Cooper, 
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Ficure 3.—OVERTHRUSTS OF THE GLARUS DistTRICT, SWITZERLAND 
vantage in} Pal = Paleozoic, P = Permian, J = Triassic and Jurassic, K = Cretaceous, E = Eocene, M = Miocene. 
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on Bubnoff 
o use the 1944). Figure 2 represents the structure of the 
me Jura Mountains (Heim, 1919, vol. I, Table 
tion of the XXIII). Figure 3 shows the great overthrusts 
folds, fold of the Glarus district of the Alps (Oberholzer, 
his type of 1933). 

by Von It has generally, but not universally, been 
as orogeny agreed that such folds involve shortening, at 
ny in this Focuns 4.—Forpmeo ny: LaTerat least of the visible rocks near the surface of the 
ed thrusts COMPRESSION earth (Fig. 4). The shortening, s, in miles or 
- Figure 1] A- Before folding. B. After folding. x = width kilometers, is the difference between the origi- 
alley and before folding, y = width after folding. s = shorten- Nal width of the packet of sediments (x in Fig. 


: (Cooper ing in miles or kilometers. 4) and the width after folding (represented by 
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y). The ratio of shortening to original width is 
s/x = x — y/x. The shortening, expressed as 
a percentage of the original width, is 100 
(x — y)/x. 

In the different parts of the Valley and Ridge 


NW. 


PLATE AUS 
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VALLEY AND RIDGE 


similar hypothesis has been suggested by some 
for the Valley and Ridge Province of the 
Appalachians. Referring specifically to the 
southern Appalachians, Rodgers (1949, p. 1653) 
says that some geologists “have reasoned from 
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some sandstone 
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Vertical exaggeration =*x1% 


FIGURE 5.—PossIBLE Df&COLLEMENT IN THE APPALACHIAN VALLEY 
AND RIDGE PROVINCE 


Province the shortening ranges from zero to 40 
per cent; the average is about 30 per cent 
(Chamberlin, 1910; Cloos, 1940; Philip Fowler, 
1948, Term paper, Harvard Univ.). Mansfield 
(1927, p. 388) gave 21 per cent shortening for 
southeastern Idaho from folding alone, but ob- 
tained 52.3 per cent if the net slip along the 
Bannock overthrust is 12 miles. Fowler (1948) 
calculated 25 per cent for the San Francisco 
folio (Lawson, 1914). An average for the Jura 
Mountains is 33 per cent (Heim, 1919, vol. I, 
p. 649-651). Chamberlin (1919) calculated 
only 8 per cent for the Colorado Rockies, but 
it is now known that the structure there is more 
complex than he assumed. The most conserva- 
tive figure for the Alps, by Heim (1921, vol. IT, 
p. 46-51), assumes 385 km was compressed 
into 135 km, giving a shortening of 250 km or 
65 per cent. A more recent figure by Cadisch 
(1946) says 630 km was compressed into 150 
km, giving a shortening of 480 km or 76 per 
cent. 

To what extent has the entire crust, down to 
the Mohorovitié discontinuity, been shortened? 
In recent years a number of geologists have 
emphasized that folding and thrusting appear 
to be confined to the upper part of the crust. 
For half a century the Jura Mountains (Bil- 
lings, 1954, p. 60) have been considered an 
example of superficial folding in which the 
crystalline basement does not participate. A 


the great low-angle thrust faults of the area... 
that the Paleozoic rocks... were stripped 
completely off the basement and piled up 
against the unyielding plateau. .. .” 

The Applachians cannot be a simple case of 
the Paleozoic sediments sliding over an un- 
yielding basement. The Precambrian crystalline 
basement is intimately involved in the folding 
of such parts of the Appalachians as the Blue 
Ridge and the Green Mountains. Moreover, 
the contact between the Paleozoic and the Pre- 
cambrian in those areas is an unconformity, 
not a surface of “shearing off.” If a décollement | 
is present in the Appalachians, it must lie in 
the Cambrian or Ordovician strata (Fig. 5). In 
the eastern part of the section it could, as 
shown, come to the surface between the Blue 





Ridge and the first syncline to the northwest 
that brings down the Silurian. It is also possible 
that it never comes to the surface and passes | 
beneath the Cambrian and Precambrian of the | 
Blue Ridge. 

Surficial folding can be explained in several 
ways. One idea is based on experiments with 
pressure boxes—something pushes one end of a 
packet of sediments (Billings, 1954, p. 227). A 
second possible explanation is the now popular 
hypothesis of gravity sliding (de Sitter, 1956, 
p. 266-291; Bucher, 1956). As shown in Figure 
6, sediments on top of an uplifted area slide 
down the flanks and crumple (Rich, 1951; 
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Pierce, 1957). Thus, although the rocks in the 
sliding block are shortened, the basement is not. 
Italian geologists believe that masses of rock 
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Pennine nappes. To many this implies hori- 
zontal compression involving the basement. 
Some advocates of gravity sliding, however, 





g=x-y 


FiGuRE 6.—FoLpING By Gravity SLIDING 


A. Before sliding. B. After sliding. x 
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FicurE 7.—Some Types OF GRAVITATIONAL 
TECTONICS 


Distances in kilometers. Black with white hachures 
represents basement. After Van Bemmelen 


have traveled many tens of kilometers as the 


passes | esult of a progressive displacement of the 
of the | 2one of uplift (Maxwell, 1953; Billings, 1954, 
| p. 235). 
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But the concept of gravity sliding cannot be 
indiscriminately applied everywhere. It has 
already been pointed out that the Precambrian 
crystalline basement is intimately involved in 
the folding of the Appalachians. Similarly, the 
crystalline basement participates in the great 
folds of the Colorado Rockies. Even in the 


a slide Alps, the pre-Triassic crystalline basement is 
1951; ‘volved in the huge recumbent anticlines of the 


width of strata before folding; y 


width of folded belt after 


such as Van Bemmelen (1954, p. 96), believe 
that gravity sliding is not necessarily confined 
to the superficial cover of sedimentary rocks. 
According to him the basement participates in 
dermal gliding, and even the deepest parts of 
the crust are involved in bathydermal gliding 
(Fig. 7). 

Two major questions have not yet been 
answered satisfactorily by the advocates of 
extensive gravity sliding. If the rocks are so 
weak that they flow downhill like paste, how 
is it possible to retain rugged mountain topog- 
raphy? Moreover, how great an angle of slope 
is necessary to permit gravity sliding? Few 
data are available. In such cases as the Jura 
Mountains, the slope of the supposed surface 
of sliding is now inclined toward the south, 
whereas, to explain the movement, it should 
incline northward. 

We conclude, therefore, that field geology 
indicates that the crystalline basement often 
participates in the folding. It is clear that 
folding is not confined to the sedimentary 
cover. But it is difficult to accept Van Bem- 
melen’s thesis that the basement complex may 
be sufficiently weak to be deformed by gravity 
sliding. In general, gravity sliding is probably 
confined to the sedimentary cover; wherever 
the basement is involved in the folding, some 
mechanism other than gravity sliding must be 
sought. 

If the entire crust in a deformed belt were 
shortened during folding, a root should have 
formed—unless deformation were so slow that 
contemporaneous uplift and erosion prevented 
its development. The geophysical evidence for 
a root may be gravitational (Daly, 1940), seis- 
mic (Gutenberg, 1943, 1957), or geothermal 
(Birch, 1950). Three facts should be empha- 
sized, however: a root formed during past de- 
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formation may now have disappeared; con- 
versely, the root under a modern mountain 
range may be of recent development and un- 
related to the folding; finally, the formation of 
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Ficure 8.—RELATION BETWEEN 
SHORTENING, THICKNESS OF ROOT, AND 
HEIGHT OF MOUNTAINS 


6, = density of crust (basement and sediments), 


52 = density of mantle; 4; = thickness of crust 
before folding; 42 = average thickness of crust in 
folded belt after folding; 4 = average height of 
mountains. 


a root might be due to some process that pro- 
duced the root and caused the folding. 

If the entire crust is compressed to the same 
extent as the geosynclinal sediments, as shown 
in Figure 8, and if deformation is very rapid 
compared to erosion and uplift, 


(1) 


where #, is the thickness of the crust before 
folding, f is the thickness of the crust in the 
deformed belt after folding, and # is the ratio 
of the shortening to the original width—that is, 
x — y/x in Figure 4. 

If we assume perfect isostasy and that the 
folded block floats, only a small percentage of 
the increase in thickress is represented by an 
increase in altitude: 


b&b — 6 % 
h = ee. ad t,) 
62 


where / is the increase in altitude, 52 is the 
density of the subcrustal material, and 6; is the 
density of the crust. 

Let us now consider the Valley and Ridge 
Province of the Appalachians, keeping these 
equations in mind. In western Pennsylvania the 


(2) 
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restored top of the Pennsylvanian rocks in the 
Plateaus is a few thousand feet above sea level 
(Fig. 9 A). But in the Valley and Ridge Pro- 
vince this same horizon, if restored, rises to 
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FiGuRE 9.—FOLDING IN APPALACHIAN 
VALLEY AND RIDGE PROVINCE AND 
APPALACHIAN PLATEAUS 


A. Structure at present. B. Hypothetical re- 
lations immediately after late Paleozoic folding ifa 
root formed due to compression. C. Hypothetical 
relations after root is eliminated by uplift and 
erosion. D. Relations if there were a décollement 
and no root was produced. 


heights of 5 miles above sea level over the 
anticlines, although it is near sea level in some 
of the deeper synclines. The average uplift of 
the top of the Pennsylvanian is 214 miles. 
Presumably the relative positions of the strata 
in the Plateaus and in the Valley and Ridge 
are inherited from the Appalachian revolution. 

Let us assume that the youngest rocks wert] 
near sea level at the beginning of the folding, | 
that the crust prior to the folding was 18 miles | 
thick (including 5 miles of Paleozoic sediments), 
that the average density of the crust was 2./, 
that the density of the mantle was 3.0, and 
that the shortening was 30 per cent. If folding 
were very rapid, the crust would be thickened 
to 26 miles, of which 7.2 miles would form @ 
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root, and 0.8 mile would be the average height 
of the land mass above sea level (Fig. 9 B). 
Eventually this root would be eliminated by 
uplift, but in that case the strata on the east 
margin of the Plateaus would be dragged up- 
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width, 66 miles; original width, 94 miles (as- 
suming shortening of 30 per cent); and average 
uplift 214 miles (Fig. 9 A; see also Chamberlin, 
1910). The calculated depth of folding is 6 
miles, essentially the same as the thickness of 
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FicurE 10.—WATHLINGEN-HANIGSEN SALT Dome, GERMANY 
Tr = Triassic, J = Jurassic, K = Cretaceous, TQ = Tertiary and Quaternary. After Bentz 


ward 7.2 miles (Fig. 9 C), and the Valley and 
Ridge would go up a like amount. Even if 
folding were so slow that gradual uplift pre- 
vented the formation of a root, and erosion pre- 
vented the development of mountainous topog- 
raphy, the strata on the east margin of the 
Plateaus would be gradually dragged upward in 
a similar way. But the actual profile (Fig. 9 A) 
suggests that the hypothesis represented by 
Figures 9 B and 9 C is incorrect. 

Let us see what would happen in case of a 
décollement in the Appalachians (Fig. 9 D). 
The packet of sediments, originally 5 miles 
thick, would, after a shortening of 30 per cent, 
have an average thickness of about 7 miles. If 
no erosion took place during the folding, the 
crust would be thickened by 2 miles, the base 
of the crust would sink 1.8 miles, and the 
average uplift would be 0.2 mile. This is not 
consistent with the average uplift shown in 
Figure 9 A, which is 24% miles. If erosion kept 
pace with folding, no extra load would develop 
on the crust, the base of the crust would not 
sink, and there would be no net uplift. The 
structure shown in Figure 9 A would be the 
result. 

The above analysis suggests that the Valley 
ad Ridge Province is underlain by a décolle- 
ment, during the formation of which erosion 
kept pace with the folding and no mountains 
formed. 

To calculate the depth of folding (Billings, 
1954, p. 60-61) in the Valley and Ridge Pro- 
vince the following data may be used: present 


the Paleozoic section. Thus the results are 
consistent with a décollement near the base of 
the sedimentary section. Chamberlin (1910) 
calculated a much higher value for the average 
depth of folding, partly because he used too 
small a figure for the shortening. 

Thus several lines of eviderce support the 
idea that in the Valley and Ridge Province 
the folding was largely confined to the Paleozoic 
sediments and that the deeper crust was not 
involved. (See also Cloos, 1940, p. 846.) Even 
if the folding in the Vailey and Ridge is surficial 
and may result from gravity sliding, a similar 
hypothesis need not apply to the other pro- 
vinces of the Appalachian Highlands. 

Let us now turn briefly to the Alps. More- 
over, let us take the most conservative figure 
for the shortening, 65 per cent (Heim, 1921, 
vol. II, p. 46-51). If the crust prior to folding 
were 30 km thick, after folding it would be 85 
km thick, and the mountains would stand 5.5 
km high. But the crust beneath the Alps is 
only 40 km thick at present (Daly, 1940). In 
other words, the added root beneath the Alps 
is much less than one would expect from the 
observed shortening. As we shall see below, the 
reverse is the case in some other ranges. 

So far, we have tacitly assumed that folding 
and thrusting involved shortening of the folded 
strata, even though gravity sliding from up- 
lifted areas might be the fundamental cause of 
the deformation. Some geologists question 
whether any net shortening is involved in 
folding and thrusting. That is, they believe 
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1934). In general, sediments must be buried at 
least 1500 feet if they are to be compacted 
enough to be heavier than rock salt (Carey, 
1954, p. 79). Whether such deformation should 
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consider this type of deformation as “nonoro- 
genic.” This is because they tacitly assume 
that “orogeny” results from horizontal com- 
pression. 

Salt-dome tectonics demonstrates that verti- 
cal movements may be converted into horizon- 
tal displacements. As one example, we may 














Ficure 13.—INjJEcTION FOLDING 


A and B, downward pressure because of extra load. C and D, upward pressure because of local uplift of 
basement. After Beloussov. 


cite the Wathlingen-Hinigsen salt dome, 120 
km south of Hamburg, Germany (Bentz, 1949, 
Tafel II). Oval in plan, it is nearly 4000 m long 
in a north-northeast direction and nearly 2000 
m wide. As shown in Figure 10, there is a pro- 
nounced overhang, beneath which an over- 
turned limb of Triassic rocks is thrust over 
Cretaceous. At depth, the salt rose because it 
was lighter than the surrounding sediments. 
Nearer the surface, the salt, being heavier than 
the surrounding sediments (Carey, 1954, p. 
79), spread laterally. 

Haller (1956) has suggested that great re- 
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cumbent folds in eastern Greenland may in- 
volve no net shortening; that is, the opposite 
sides of the sedimentary packet did not move 
toward one another (Fig. 11). He says (p. 159): 


“Under the influence of synorogenic Caledonian 
granitization, a thick sequence of Precambrian 





M. P. BILLINGS—DIASTROPHISM AND MOUNTAIN BUILDING 


folding, block folding, and general crumpling. 
Some of these types of folding are represented 
in the accompanying diagrams. 

Injection folding requires the presence of a 
plastic bed between more competent beds. In 
one type of injection folding (Figs. 13 A and 13 











Ficure 14.—Btock Foipinc, Caucasus Mountains, NouKHA AREA 


Ja, Js, Js, = Jurassic; Ki, Ka, Ks, = Cretaceous. F = faults. Symbols used for various formations do not 
necessarily have any lithologic significance. Heavy line above section shows steplike character of structure, 


After Beloussov. 
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Ficure 15.—Btock Fotpinc, Caucasus Mountatns, Mt. DrpraR AREA 


J = Jurassic, K = Cretaceous, T = Tertiary. Heavy lines are faults. Symbols used for various systems dg 
not necessarily have any lithologic significance. Heavy line above section shows steplike character of struc 


ture. After Beloussov. 


sediments in East Greenland was folded and in the 
deeper parts of the mountain range was completely 
transformed. Selective addition of material caused 
a central area to +Il up to form domes and over- 
turned structures. These bodies, granitized in 
place and of domelike, forehead-like, or mushroom 
shape, formed the entire active part of the orogen.” 


Even in the Appalachian region it has been 
suggested that some of the domes and related 
folds are due to vertical movements analogous 
to the rise of salt domes. In eastern Vermont, 
Thompson and Rosenfeld have suggested that 
the Chester dome (Fig. 12) resulted from the 
vertical uplift of a plastic core (Billings, 
Rodgers, and Thompson, 1952). But recent 
studies by Rosenfeld (personal communication) 
show that these vertical movements were 
preceded by recumbent folds indicative of 
significant horizontal movements. 

Carey (1954, p. 67) says: “The universal 
contortion of Archean gneisses, which is usually 
regarded as evidence of intense shortening, 
does not necessarily imply much short- 
ening... .” 

Beloussov (1959) suggests that much folding, 
even that of the Appalachian and Alpine types, 
is the direct result of vertical movements. He 
recognizes three types of folding: injection 


km. 


B) a load in one part of an area causes sub} 
sidence, thus forcing the incompetent bed t 
flow plastically to another area. In anothe 
type of injection folding (Figs. 13 C and 13 D 
the more plastic bed on the crest of a rising 
anticline is squeezed toward the syncline. 

Block folding is illustrated by a cross section 
(Fig. 14) from the southern slope of the south; 
east part of the Main Caucasus Ridge (Belous; 
sov, 1959, p. 5). The idea that the structure i 
the result of vertical movements is based on thé 
fact that the folds rise in a series of steps, a 
shown in the upper part of the diagram 
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Strongly overturned folds may be observed a 
the southwestern end of a similar section, fro 
the same region (Fig. 15). An important part 

the theory is that a block rising along steq 
faults or flexures may spread laterally towami 
or over the lower block. 

What Beloussov calls general crumpli 
results if there is a large amount of laten 
spreading (Fig. 16). The two opposite sides 0! 
the folded belt have not moved toward each 
other. The distance, measured along the beds, 
however, is much greater than prior to th 
deformation. The beds have been stretchel 
(Beloussov, 1959, p. 17). If the principle wet 
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to be applied to the Valley and Ridge province 
of the Appalachians, it would mean that the 
beds have been stretched 30 per cent. 

At least four tests may be applied to Belous- 
sov’s hypothesis. One test concerns the extent 
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FicurE 16.—FoLpING By VERTICAL UPLIFT 
AND LATERAL SPREADING 


A, B, and C are successive stages. The beds in 
the lowest diagram should be thinner than those in 
the top diagram, so that the total volume is con- 
stant. After Beloussov. 


to which lateral spreading can occur. Salt-dome 
tectonics demonstrates that, although vertical 
movements may be converted into horizontal 
thrust (Fig. 10), the amount is limited. In an 
area such as the Valley and Ridge Province, the 
pattern shown by the folds is readily explained 
by shortening and axial divergence (Cloos, 
1940) but is very difficult to explain by vertical 
movements. Thirdly, the hypothesis, as Belous- 
sov clearly recognizes, involves stretching of the 
beds as much as 30 per cent. But in many 
places, fossils, cross bedding, ripple marks, and 
other sedimentary features give no evidence of 
such stretching. Fourthly, in many tectonic 
belts, the axial-plane cleavage has a relatively 
uniform strike and dip; this may be reconciled 
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with a regional compressive force, but it is 
difficult to understand if the compression were 
merely incidental to vertical movements. 

We are now prepared to summarize the 
various ideas that have been proposed to ex- 
plain folding and thrusting. Most geologists 
agree that the strata are shortened and that the 
opposite sides of the sedimentary packet are 
now closer together by an amount commensu- 
rate with the intensity of the folding and 
thrusting. But some geologists, notably Belous- 
sov, do not agree with this. The extent to which 
the entire crust is involved in the shortening is 
certainly debatable. The ideas that are in vogue 
at the present time are summarized diagramma- 
tically in Figure 17. Figure 17 A represents the 
concept that the folds and thrusts are the direct 
result of vertical movements; the beds are 
stretched, but lateral spreading may or may not 
occur. The radius of the earth remains un- 
changed. Figure 17 B represents gravity 
sliding; the beds slide off a central uplift, and 
the shortening is equal to the gap on top of the 
uplift. The beds are not stretched, and the 
radius of the earth remains the same. In Figure 
17 C the entire crust in the deformed belt is 
shortened, and a root is produced. A gap in the 
crust is equal to the shortening; instead of a 
gap, thinning might occur. The radius of the 
earth remains unchanged. Figure 17 D is simi- 
lar, except that the radius and circumference of 
the earth become smaller; this is the classical 
contraction hypothesis. 

Agreement is lacking, of course, on the 
evaluation of these various hypotheses. Most 
geologists, however, would probably agree 
that the type of folds found in the Valley and 
Ridge, Jura, and Alps is the result of shortening 
even though they may not agree on whether the 
shortening involves the entire thickness of the 
crust. Several lines of evidence indicate, how- 
ever, that horizontal compression involving the 
basement is the principal factor in folding and 
thrusting. The long, narrow, and sinuous pat- 
tern of folded belts, coupled with the fact that 
the basement is so often involved, is one piece 
of evidence. Field observations suggest that 
slopes high enough to permit extensive gravity 
sliding were not commonly available. Gravity 
sliding, important though it may be in some 
instances, is an incidental process. Likewise, 
the vertical rise of plastic, magmatic and 
migmatic material is a supplementary process. 
When vertical uplift accompanies folding, we 
should consider the possibility that some or all 
of the uplift is due to a process other than the 
rise of anticlines or the formation of a root due 
to shortening. 
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Broad vertical movements.—In studying epei- 
rogenic movements, we are immediately con- 
fronted by a dilemma. What is our plane of 
reference when we say that the land has gone 
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FicurE 17.—Errect or Type oF FoLpinc on THICKNESS 
AND CIRCUMFERENCE OF CRUST 
A. Vertical uplift, with or without lateral spreading. B. Vertical uplift and gravity sliding. C. Horizontal 
compression, with formation of root, but no change in radius of earth. D. Horizontal compression and forma- 
tion of root due to contraction of earth. r = radius of earth before deformation; remains unchanged in A, B, | 
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craton. This is evidence that the basement on 
which the geosynclinal sediments were de.| 
posited was sinking much more rapidly than 
the basement under the adjacent craton. De. 


gap 











and C. x = amount by which radius is reduced; in D the new radius is r — x. 


up or down? Usually sea level is our datum. 
We know, however, that the surface of the sea 
can fluctuate many hundreds of feet, as, for 
example, during the Pleistocene (Kuenen, 1950, 
p. 535-540; Flint, 1957, p. 258-271). Trans- 
gressing and regressing seas may result either 
from vertical movements of the land or vertical 
shifts in sea level. Similarly, the upper Paleozoic 
cyclothems of the Midwest, indicating cyclical 
change from marine to nonmarine conditions, 
are evidence of a shifting strand line (Wanless 
and Weller, 1932; Wanless, 1950; Moore, 1950). 
Extensive dissected erosion surfaces, if not 
climatic, indicate a relative lowering of base 
level, which may or may not be sea level. 
Fortunately, there are some lines of evidence 
indicating that the crust itself was moving up or 
down. Compelling evidence is offered by the 
sedimentary record in geosynclines and the 
adjacent cratons. Many of these sediments were 
deposited in shallow water, but they are many 
times thicker in the geosynclines than on the 


formed Quaternary shore lines, such as those in | 
Scandinavia, can be explained only by deforma- 
tion of the crust (Flint, 1957, p. 240-257). 
River terraces that decline upstream likewise 
can be explained only by warping (Putnam, 
1942). Studies of the Mississippi delta show 
that more than 500 feet of subsidence has 
taken place during and since late Quaternary 
(Fisk and McFarlan, 1955). Recently published 
data based on geodetic studies in the western 
half of the European part of the Soviet Union 
show that different parts of a rising or falling 
block move at different rates (Meshcheryakov, 
1959). 

As a superb example of epeirogenic move- 
ments, we may cite the history of the easter | 
and southern United States during the late) 
Mesozoic and Cenozoic (Fig. 18). This con: | 
cerns not only the Appalachian Highlands and 
their southwesterly continuation as far as the 
Rio Grande, but also the Coastal Plain and the | 
Atlantic Continental Shelf. 
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Uplifted and dissected peneplains were 
recognized in the Appalachians many years 
ago (Johnson, 1931). The highest surface, 
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developed on crystalline rocks (Fig. 18). More- 
over, a well at Cape Hatteras, after penetrating 
9878 feet of Cenozoic, Cretaceous, and Jurassic 
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originally dated as Cretaceous, more recently 
has been considered to be Tertiary. Such 
surfaces have been taken as evidence that 
during the Tertiary the Appalachians have been 
uplifted 1000 to 2000 feet. It is true that, in 
Tecent years, some geomorphologists have 
cast doubt on the classic interpretation of the 
geomorphic history of the Appalachians (Hack, 
1957, p. 90). 

Another line of evidence, however, shows 


| that the Appalachians have been uplifted 


thousands of feet since the middle of the Meso- 
zic. The Cretaceous sediments now exposed at 
the surface on the inner margin of the Coastal 
Plain were deposited on an erosion surface 


(?) sediments, encountered the crystalline rocks 
(Spangler, 1950, p. 105; Swain, 1952). The 
top of these crystallines is the same surface as 
that exposed on the inner margin of the Coastal 
Plain, although it was inundated by trans- 
gressing Mesozoic seas earlier than at the Fall 
Line. Although the Mesozoic erosion surface 
undoubtedly had some slope, most of the differ- 
ence in altitude at the present time must be due 
to differential movements. Seismic evidence 150 
miles north of Cape Hatteras shows that this 
surface is more than 12,000 feet below sea level 
(Ewing, Worzel, Steenland, and Press, 1950, 
Pl. 6). Still farther north and northeast (Fig. 
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18), this surface is more than 20,000 feet below 
sea level (Cohee, in press). 

Most of the sediments of the Atlantic Coastal 
Plain are clastics derived from the Appala- 
chians. Beneath the Coastal Plain the average 
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beneath the Coastal Plain sediments and re 
appears in the Ouachita Mountains, the 
Marathon Basin, and the Solitario, close to the 
Rio Grande (King, 1951; Flawn, 1959). The 
Appalachians, from Newfoundland to Alabama, 
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Ficure 19.—Cross SecTION SHOWING DEFORMATION OF FALL-LINE SURFACE 
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thickness of this wedge is about 5000 feet (Fig. 
19). The average thickness for the entire 
wedge of sediments out to the edge of the 
continental shelf is even greater. Since the 
average width of that portion of the Appala- 
chians that drains to the Coastal Plain is not 
quite as great as the width of the wedge of 
sediments, it means that on the average more 
than 5000 feet of rock has been eroded from the 
Appalachians since the middle Mesozoic. Al- 
though this is only an estimate, subject to 
many minor corrections, it is undoubtedly of 
the right order of magnitude. 

We conclude that in eastern North America 
an erosion surface that was not far above sea 
level in middle Mesozoic time is now more 
than 10,000 feet below sea level under the 
continental shelf. Over the Appalachians, if it 
had not been eroded, its average height would 
be more than 5000 feet above the tops of the 
present mountains—that is, more than 7000- 
8000 feet above sea level. This is truly a tre- 
mendous amount of crustal deformation in 
eastern North America during the last 
140,000,000 years. 

The Appalachian belt has another interesting 
story to tell. Many have assumed that the 
Cenozoic uplift of the Appalachians was in 
some way related to the late Paleozoic folding. 
Let us see if this is necessarily so. 

Although the Appalachians disappear toward 
the southwest beneath the Coastal Plain 
sediments in Alabama (Fig. 20), it is generally 
agreed that the folded belt continues westerly 


are nearly 2000 miles long, whereas the buried 
Appalachians, from Alabama to the Rio 
Grande, are 1000 miles long. Since the middle 
Mesozoic the southwestern third of the Appa- 
lachian-Ouachita belt, except for a few areas, 
has been undergoing burial beneath the Meso- 
zoic and Cenozoic sediments. In western Arkan- 
sas and western Mississippi, the surface of the 
basement on which the Mesozoic rocks are 
deposited is now more than 4000 feet below sea 
level (Longwell, 1944) and perhaps as much as | 
8000 feet (Murray et al., 1952, p. 1226-1227). | 
If the surface may be projected southward to 
the Gulf of Mexico, it is as much as 40,000 or 
45,000 feet below sea level. 





North of Alabama the Appalachian belt has 
been rising, whereas to the southwest it has been 
sinking. In other words, the belt that was 
folded in the late Paleozoic was not necessarily 
destined to rise again in the late Cenozoic. The 
history of the Appalachians during the later 
half of the Mesozoic and during the Cenozoic 
was independent of its earlier history. 

Gravity data for small portions of the Appa- 
lachians have been discussed by Hammer and 





Heck (1941), Nettleton (1941), and Woollard 


(1943; 1949). Nettleton (1941, p. 281) thought | 


that the anomalies are most readily explained 


by “density contrasts rather deep within the | 


earth’s crust.” Although this may well be true 
for many of the details, the broad features indi- 
cate a root. A map prepared by Lyons (1950, 
unpublished) shows that between Pennsylvania 
and Alabama the Bouguer anomalies in milli- 
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gals are as follows: Coastal Plain +40 to —40, 
average, 0; Piedmont, +40 to —60, average 
—10; Blue Ridge and Valley and Ridge, —30 
to —90, average —60; and Appalachian Pla- 
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may be of more recent origin than the Appala- 
chian folding. 

Turning to a different aspect of the subject, 
large vertical uplifts are not confined to areas of 
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teaus, 0 to —60, average —30. Woollard (1959, 
p. 1535) gives an empirical curve for calculating 
the thickness of the crust from Bouguer anoma- 
lies. This curve indicates that the “normal” 
sea-level crust is 32 km (19 miles) thick, whereas 
in the western part of the Appalachians the 
crust would be 35 to 37 km (21 to 23 miles) 
thick. Andrev’s formula, quoted by Woollard 
(1959, p. 1534), indicates a “normal” sea-level 
crust 30 km (18 miles) thick, whereas in the 
western part of the Appalachians it is 33 to 36 
km (20 to 22 miles) thick. Thus the extra root 
under the western Appalachians is 2 to 4 miles 
thick. In location and magnitude, this root is 
consistent with the topography. (Also see Wool- 
lard, 1959, p. 1535.) There is no evidence of a 
toot beneath the Piedmont, although it is part 
of the deformed belt. This suggests that the 
present root is unrelated to the late Paleozoic 
folding. The Mesozoic and Cenozoic history 
outlined above likewise suggests that the root 
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folding. The surface of the Appalachian Plateau, 
where the rocks are essentially flat, stands 
several thousand feet above sea level. An even 
more striking example is the Colorado Plateau, 
the surface of which is now 5000 to 10,000 feet 
above sea level. Although this area was gently 
folded during the Laramide revolution (Kelley, 
1955), the shortening is much less than 5 per 
cent. Even if the entire crust in this area were 
shortened as much as 5 per cent, the thickness 
of the crust would be increased by only 2 km. 
If isostatic conditions prevailed, only about 
one-tenth of this amount would be expressed 
by additional elevation. In other words, the 
youngest strata involved in the folding would 
have been uplifted only 0.2 km (600 feet); 
actually they are many thousands of feet above 
sea level. Moreover, the uplift was much 
younger than the folding. Compression cannot 
explain the uplift of these plateaus. 
Metamorphic geology and related experi- 
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mental work offers some interesting data on the 
magnitude of epeirogenic movements (Fig. 21). 
According to Clark, Robertson, and Birch 
(1957), at a temperature of 1,000° C., kyanite 
forms only if the pressure is at least 17 kilobars, 
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displace the surface of the earth, alternating 
basins and mountains are produced. This is the 
source of Sonder’s term taphrogenesis. 

The Basin and Range Province of North 
America is a classic example of this type of di- 
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which is equivalent to a depth of more than 40 
miles in the crust. These authors indicate by 
extrapolation that even at room temperature 
the pressure at which kyanite could form ex- 
ceeds 5 kilobars—that is, a depth of more than 
10 miles. This implies that, wherever we see 
kyanite in the field, at least 10 miles of rock has 
been eroded away. 

Similar evidence comes from the experimental 
study of the transformation of albite to jadeite 
and quartz (Robertson, Birch, and MacDonald, 
1957; Birch and Lecomte, 1958). At room tem- 
perature a pressure of 6 kilobars—equivalent to 
a depth of 13 miles—would be necessary for 
jadeite and quartz to exist in equilibrium; at 
1000° C a pressure of 26 kilobars—equivalent 
to a depth of 62 miles—would be necessary. 
The assemblage jadeite plus quartz has been 
found in California, Japan, and Celebes (Miya- 
shiro and Banno, 1958). Such deep erosion is 
possible, of course, only if there is equally great 
uplift. Most geologists would feel that other 
lines of evidence do not support the idea of such 
deep erosion. One possibility is that pressures 
during metamorphism may at times greatly ex- 
ceed the load of the overlying rocks. 

Broad vertical movements accompanied by high- 
angle faulting—Broad vertical movements are 
often accompanied by high-angle faults. In most 
areas, these are normal faults that produce gra- 
ben, horsts, and fault blocks, Where such faults 


astrophism (Nolan, 1943; Hinds, 1952, p. 63- 
86). As specific examples of areas, we can cite 
the Oquirrh Range (Gilluly, 1932), Wasatch 
Range (Eardley, 1933a; 1933b; 1951), Ruby- 
East Humboldt Range (Fig. 22; Sharp, 1939), 
Stillwater Range (Muller et al., 1951) and Inyo 
Range (Knopf and Kirk, 1918). Maxson (1950) 
has described the deformation of an erosion 
surface during the uplift of the Panamint Range 
of California in association with faulting. The 
modern fault-block structure of the Basin- 
Range Province began to develop in the later 
part of the Tertiary. 

Fault-block mountains are known in Asia. 
The Altai Mountains were uplifted chiefly dur- 
ing the Quaternary as a broad arch that trended 
east-west, accompanied by considerable normal 
faulting (Belayevskiy et al., 1958, vol. 3, p. 
361-362). In northeastern and eastern Russia, 2 
late Miocene peneplain has been differentially 
uplifted, accompanied by normal faulting and 
the development of fault-block mountains (Bel- 
ayevskiy et al., 1958, vol. 3, p. 374-380). 

The Rhine graben (Fig. 23) is 280 miles long, 
20-25 miles wide, and is broken by numerous 
smaller faults, all of which are normal (Dorn, 
1951, p. 324-337). The formation of the Rhine 
graben was associated with regional doming. 
The Black Forest (Hans Cloos, 1951-1952) was 
uplifted in the late Tertiary and early Quater- 
nary, partly by doming, partly by movement 
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and along which the net slip has no strike-slip 
component implies that the greatest principal 
stress axis was inclined approximately 30° to 
the surface of the earth. Regional stresses with 
this orientation seem unlikely. But locally 
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of Hobbs (1901; 1904; 1905; 1911). Vening 
Meinesz (1943; 1947) has described the me 
chanics of formation of a world-wide fracture 
system, for the existence of which, however, 
there is no geological evidence (Umbgrove, 
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stresses with this orientation may develop. 
Some high-angle thrusts may be utilizing older 
normal or strike-slip faults. 

Large-scale strike-slip displacements.—In re- 
cent years the possibility of large strike-slip 
displacements along steep fractures has been 
emphasized (Hill and Dibblee, 1953; Moody 
and Hill, 1956). Strike-slip faults with a modest 
displacement have been known for more than 
a century. Heim (1919, vol. I, p. 613) says that 
Escher recognized strike-slip faults in the Santis 
region of the Alps in the 1840’s. Some strike- 
slip faults are clearly a byproduct of the same 
forces as those causing the folding. Among the 
specific examples we may cite the Jura Moun- 
tains (Heim, 1919, p. 613-626; Billings, 1954, 
p. 212-214) and southwestern Wales (Anderson, 
1951, p. 60-64; Billings, 1954, p. 214). 


A brief digression to consider Sonder’s term 
regmagenesis may be made here. In the 1930’s 
he published maps of Central America, the 
Atlantic Ocean, and the Aegean Sea showing 
two or more sets of master fractures, each frac- 
ture extending for tens or hundreds of miles. 
These lineaments were deduced chiefly from 
the supposed alignment of volcanoes, drainage 
patterns, and the trend of shore lines. Sonder 
(1956, p. 118-123) reproduced these maps, 
along with one of the Mediterranean by Sie- 
berg and one of Africa by Hennig (1938, p. 123). 
Because of the methods used to deduce such 
extensive fracture systems, many geologists 
question their reality. Sonder’s methods and 
conclusions are reminiscent of the earlier work 


1946). In a paper discussing these supposed 
fractures (Sonder and Vening Meinesz, 1947, 
p. 939), Sonder introduced the term regma- 
genesis, from the Greek regma, meaning cleft 
or fissure. It also appears that at this time he 
first suggested that the displacements along 
such fractures, when they take place, are strike- 
slip. The term regmagenesis is thus clouded 
by the fact that many of the supposed regmatic 
fractures may not exist. 


Let us return to our main theme. We are 
here concerned with large strike-slip faults 
along which the net slip has been many miles. 
The San Andreas fault of California is so well 
known to American geologists that a detailed 
discussion is hardly necessary here (Hill and 
Dibblee, 1953). Most geologists familiar with 
the area agree that the displacement along the 
San Andreas fault has been colossal. It is cer- 
tainly tens of miles; Hill and Dibblee believe 
that the net slip may have been 120 miles since 
the Cretaceous and 350 miles since the Jurassic. 
But it is still not clear whether it is a large 
fracture incidental to the structure of the Coast 
Range or whether it is a master fracture in the 
crust of the earth—a geosuture of Hans Cloos 
(1948)—dominating the deformation of the 
western part of the North American Cordillera. 

The Great Glen fault is one of half a dozen 
steep northeasterly striking faults in Scotland 
along which the northwest block has moved 
relatively southwest (Kennedy, 1946; Billings, 
1954, p. 223-225). The net slip along the Great 
Glen fault is 65 miles. 
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The northeast-trending Alpine fault of the 
South Island of New Zealand (Wellman, 1955; 
1956) in recent years has been considered to 
be a right-handed strike-slip fault (Fig. 24). 
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right-handed and left-handed strike-slip faults, 
folds, and normal faults—can be explained by 
one set of forces. Moreover, in recent years, 
many faults elsewhere in the United States 
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Note offset of ‘marginal syncline” and “schist axis’’. 


Wellman (1955, p. 249) states that the north- 
west block has moved northeastward relative 
to the southeast block at least 300 miles since 
the end of the Jurassic. On the other hand, 
Kingma (1959, p. 32) says that “large-scale 
transcurrent movement is therefore unlikely 
to have taken place along the Alpine fault.” 

Extensive strike-slip faults in the Caribbean 
and northern South America have been dis- 
cussed by Hess and Maxwell (1953, p. 5) and 
Rod (1956). The map by Hess and Maxwell 
suggests that Cuba has slid westward 300 km 
relative to Haiti. Rod states that in Venezuela 
the net slip along strike-slip faults is tens of 
kilometers. 

Large-scale strike-slip faults thus appear to 
be a very important type of diastrophism. But 
it is often difficult to determine the forces in- 
volved. Even in California it is not clear 
whether all the associated structural features— 


have been assigned to the strike-slip category 
without adequate data. Efforts to explain di- 
versely oriented fractures by a single set of 
forces, with primary, secondary, and tertiary 
strike-slip faults (Moody and Hill, 1956), are 
mechanically unsound. 

In recent years some great scarps on the 
ocean floor have been considered to be con- 
trolled by strike-slip faults. Menard (1955) has 
described four great fracture zones in the east- 
ern Pacific. These zones, which range in length 
from 1400 to 3300 miles, tend to follow great 
circles. Each zone, averaging 60 to 100 miles 
in width, consists of a broad ridge or welt in 
the midst of which are one or more topographic 
troughs. 

When Menard wrote, there was little direct 
evidence that the displacement along these 
fractures was strike slip. More recently Mason 
(1958) has described a magnetic survey in the 
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Pacific Ocean west of southern California (Fig. 
25). The area covered is about 70,000 square 
miles and is a flat, abyssal plain nearly 5 km 
below sea level. The map shows total magnetic 
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has been developed by Hodgson (1957; 1959), 
But the method does not give a unique solution, 
because two possible planes are obtained, either 
one of which may be the fault. The plane at 
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Plus figures show the greatest positive anomalies; negative figures show the greatest negative anomalies. 
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intensity in gammas. Alternating highs and 
lows, between which the difference is about 
400 gammas and which are about 25 miles 
wide, trend north-south. Mason believes that 
the anomaly belts are offset in a right-handed 
sense 84 miles along the Murray fracture. But 
this conclusion may be questioned. For one 
thing, east of Long. 125° W. no offset of the 
anomaly belts is apparent. Secondly, although 
there is obvious interruption of the anomalies 
along the Murray fracture, some seem to con- 
tinue on both sides. Thirdly, the anomalies are 
not fully explained; one suggestion is that the 
highs are underlain by plates of basalt that 
are about 2:km thick and trend north-south. 
In recent years many seismologists have con- 
cluded that most earthquakes are caused by 
strike-slip faults (Hodgson, 1957; Scheidegger, 
1957b). The original method proposed by 
Byerly (1926) is based on an analysis of the 
first motion of the P waves at the recording 
stations; a rapid method of analyzing the data 


right angles to the fault and perpendicular to 
the net slip is called the auxiliary plane. The 
intersection of these two planes was called the 
null vector by Hodgson (1957), but McIntyre 
and Christie (1957) suggested that B axis was 
a more suitable term. Regardless of which of 
the two planes is the fault, the B axis is at right 
angles to the net slip. If the B axis is vertical, 
the net slip is horizontal, and the fault is a 
strike-slip fault. If the B axis is horizontal, the 
fault is a dip-slip fault. Since the B axis is gen- 
erally steep, the seismologists conclude that 
most earthquakes are caused by strike-slip 
faults. 

A more quantitative approach is possible. 
The present author has prepared Figure 26 
from data assembled by Scheidegger (1955) for 
100 earthquakes. Two points are shown for 
each quake. One point shows the dip of the 
fault plane and the rake (pitch) of the net slip. 
The second point shows the dip of the auxiliary 
plane and the rake of a line in this plane at 
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right angles to the B axis. It is impossible, how- 
ever, tc tell which points represent the faults 
and which represent the auxiliary planes. The 
dip of the fault (or auxiliary plane) is plotted on 
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method to give a unique solution by combining 
the results of several earthquakes in a single 
area. “If a series of fault-plane solutions is 
available for a certain geographic area, it is 
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FicurE 26.—FAavu1it-PLANE So.tuTions BAsep ON Data For P WAVES 
Because of ambiguity in method, half the points represent a fault; the other half represent the so-called 
auxiliary plane. The ordinate gives the dip of the fault plane or the dip of the auxiliary plane. The abscissa 
gives the rake of the net slip or the rake of a line in the auxiliary plane at right angles to the null vector 
(B axis). Based on tables prepared by Scheidegger (1955). 


the ordinate, whereas the rake or pitch of the 
net slip (or comparable line in auxiliary plane) 
is plotted on the abscissa. Points in the upper 
left-hand corner represent vertical strike-slip 
faults; points in the upper right-hand corner 
represent vertical Cip-slip faults. Theoretically, 
there should be 200 points, two for each quake; 
actually, there are only 194 points because of 
the incompleteness of the data. The 157 points 
that lie in the left half of the diagram represent 
either faults in which the strike-slip component 
is larger than the dip-slip component, or auxil- 
liary planes in which the rake of a line at right 
angles to the B axis is less than 45°. The 37 
points that lie in the right half of the diagram 
represent either faults in which the dip-slip 
component is greater than the strike-slip com- 
ponent or auxilliary planes in which the rake 
of a line at right angles to the B axis is greater 
than 45°. From these data, rather than to say 
that most faults are strike-slip faults, it would 
be more correct to say that, in 81 per cent of 
the faults studied, the strike-slip component is 
larger than the dip-slip component. 

More recently Scheidegger has proposed a 


possible to determine the tectonic displacement 
by a least squares solution (Scheidegger, 1958b, 
p. 19)”. 

Scheidegger (1958a) and others have shown 
that it is theoretically possible to get a unique 
solution by utilizing the data from S waves. 
Scheidegger (1957a) has summarized in tabular 
form the data obtained by Russian seismolo- 
gists between 1953 and 1957. Results for 84 
earthquakes are plotted on Figure 27. The dips 
of the faults planes range from 10° to 90°. The 
rake (pitch) of the net slip also shows consider- 
able spread, ranging from “‘small” to 90°. In 
49 cases, the rake exceeds 45°, and in only 35 
cases is it less than 45°. Thus, in the majority 
of these cases the dip-slip component exceeds 
the strike slip. The results thus differ consider- 
ably from those based on analysis of P waves. 

Actually, there are still some uncertainties 
in the seismic method. Some authors (Adams, 
1958) have reported poor agreement between 
the results obtained from study of the S waves 
and those obtained from a study of the P waves 
for the same quakes. Moreover, the pattern of 
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compression and tension around a focus is 


more complex than has been generally assumed place during the quakes is about N. 15° E 


(Knopoff and Gilbert, 1960, p. 133-134). 
Study of the Dixie Valley-Fairview Peak, 
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surface faults along which displacement took 


parallel to the trend of the mountain ranges, 
The net slip along these faults can be resolved 
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Figure 2:7.—RussIaAN FAvULT-PLANE SOLUTIONS BASED ON DATA FOR S WAVES 


Each point represents results obtained from one earthquake. The ordinate gives the dip of the fault plane, 
the abscissa gives the rake of the net slip. Based on table prepared by Scheidegger (1957a). 


Nevada, earthquakes of December 16, 1954, 
offers some significant information (Tocher 
et al., 1957). The epicenter southeast of Fair- 
view Valley (Fig. 28) represents a quake that 
occurred at 3:07 a.m., P. S. T., with a depth 
of focus of about 15 km. The epicenter north- 
west of Dixie Valley represents a quake that 
occurred at 3:11 a.m., P. S. T., witha depth of 
focus of about 40 km. An analysis of the seis- 
mic records by the Byerly-Hodgson method 
indicates that the fault causing the first shock 
strikes N. 11° W., dips 62° E., and that the 
net slip is such that the east wall moved down- 
ward at a plunge of 24° S. Because of the com- 
plexity of the records it was not possible to 
make a similar analysis for the second shock. 
Fortunately a geodetic survey of the area 
had been conducted in the summer prior to 
the earthquakes. By rerunning the survey in 
1955 it was possible to determine the relative 
displacements that had taken place during the 
earthquakes; the displacements are shown by 
arrows in Figure 28. Most of the stations within 
25 miles of the Fairview Peak (southerly) epi- 
center moved several feet south-southeast or 
north-northwest. But the average strike of the 


into a normal dip-slip component and a strike- 
slip component in which the eastern block 


moved south. A couple in which the forces are [ 


parallel to the arrows shown in Figure 28 would 
not produce faults of this orientation and type 
of displacement. It appears, therefore, that the 
surface faults were controlled by a set of older 
Basin-Range faults. This in turn suggests that 
the strike-slip displacements of the San Andreas 
type are now invading an area that was pre- 
viously deformed by dip-slip faults. Figure 29 
illustrates the movement along the surface 
faults, where block B has moved downward and 
southward relative to block A, and block C 
has moved upward and southward relative to 
block B. 

In summary, strike-slip faults are being 
greatly emphasized at the present time by 
geologists and seismologists. Some papers even 
suggest that this is the primary type of dias- 
trophism and that most other kinds of defor- 


mation are secondary effects. In many places | 
the supposed geological evidence is based on | 


faulty interpretation. The seismic method needs 
careful analysis, particularly because the con- 


clusions differ, depending upon whether one | 





uses 
ture 
larg 


] 


Arr 
vector 
shade 


in the 
are m 
tion t 

Dis 
live te 
cernec 
the m 


over t 








DIASTROPHISM 387 
nt took uses P waves or S waves. A study of the struc- portions of the crust move relative to one 
15° E, ture of the various continents indicates that another and may even rotate about vertical 
noha large strike-slip faults have not been important axes; and (3) displacement of the entire body 
resolv 
“J FAIRVIEW PEAK- 
hed DIXIE VALLEY 
a EARTHQUAKES 
» Fad Faults 
) Epicenter 
+50" 
phe 
+h40r | from F 
so? geodetic evidence} .~..”” 
° fe) 
+20 Sieieiutiidaeeiae 
Lae Scale of vectors 
. in feet (geodetic) 
o fe) 5 10 
e 
/ Miles 
w 
vn Rainbow 
Mtn. 
ilt plane, 
a strike- 
n block 
rces are i 
8 would 
nd type 
that the 
of older 
sts that 
Andreas 
vas pre- & a B 000. 
igure 29 ce \We h a 
surface 3g i) ° ~~ be Lf 
rard and 18°45° 30 15” 118° 117°45 
block C FicuRE 28.—DIASTROPHISM ASSOCIATED WITH FarRvIEW PEAK-DrxiE VALLEY EARTHQUAKES, 
. NEVADA 
tive to 
' Arrows indicate movement of various bench marks during earthquakes; amount is shown by “scale of 
‘ vectors”. More southerly of two shaded circles is epicenter of Fairview Peak earthquake. More northerly 
e i: shaded circle is epicenter of Dixie Valley earthquake. Based on maps in Tocher et al. (1957). 
time by 
ers even | in the past. It is possible that strike-slip faults of the earth relative to the axis of rotation. 
of ~ are much more important now in crustal evolu- For the first two types of displacement Sonder 
f defor- | tion than they were in the past. (1956, p. 13) used the term phorogenesis, which 
y arg | Displacement of the crust or entire earth rela- is defined as “tangential displacements (drift 
ase 


od needs 
the con- | 
her one 


















































live to the axis of rotation.—We are here con- 
cerned with three types of displacement: (1) 
the more or less uniform slipping of the crust 
over the mantle; (2) continental drift, in which 


movements) of the solid crust over the asthen- 
osphere”’. 

The concept of continental drift has been 
debated for many years, but especially since 
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the first edition of the book by Wegener (1915, 
1924) appeared. At least two symposia have 
been held on the subject, one arranged by Van 
der Gracht (1928), the other by Carey (1958). 
The principal types of evidence that were used 
before 1945 included: (1) paleoclimatology; 


FicuRE 29.—NatTurE OF NET SLIP 
ON SURFACE FAULTS DURING FAIRVIEW 
Peak-Drx1z VALLEY EARTHQUAKES, 
NEVADA 


Along those faults that dip east, the net slip 
was like that along the fault between blocks A and 
B. Along those faults that dip west, the net slip 
ag like that along the fault between blocks B and 


(2) matching of continental borders; (3) simi- 
larity of geological structure and history in 
areas on opposite sides of ocean basins; and 
(4) biological data. 

An extensive discussion of the problem is 
beyond the scope of the present paper. We may 
summarize our views, however, by quoting 
Longwell (1958): 


“These critical comments may suggest that I 
am an incurable skeptic toward continental drift. 
I admit to skepticism... because (1) evidence 
known to me is suggestive and circumstantial 
only—no clinching argument has appeared; (2) 
quite aside from the problem of a propelling force, 
the supposed horizontal creep of sialic blocks 
through sima seems to be highly improbable.”’ 


In recent years a new tool, paleomagnetism, 
has been used extensively to investigate changes 
in geographic position. Studies in this field were 
published 20 years ago by McNish and Johnson 
(McNish and Johnson, 1940; McNish, 1941; 
1943). It was not until after World War II, 
however, that tremendous interests in this sub- 
ject developed, especially in Great Britain and 
Japan (Nagata, 1953). 

The methods employed in paleomagnetic 
studies vary in detail but are fundamentally 
similar (McNish, 1941; Runcorn, 1956). Where 
the strata are not horizontal, the attitude of 
the beds is measured, so that the original posi- 
tion prior to folding may be determined. In 
Arizona, Runcorn (1956) preferred fine-grained 
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red sandstones, siltstones, and shales. One or 
two cores, 3.5 cm in diameter, were cut, with 
the axis of the cylinder perpendicular to the 
bedding. These cores were then sliced into 
disks about 1 cm thick. The declination, relative 
to the present geographical north, and the in- 
clination of the magnetic vector were then 
measured. Runcorn (1956, p. 304) said: 


“.,.the measurements are essentially obser- 
vations of the angular deflections of a horizontal 
magnet suspended by a fine fiber when the rock 
specimen is raised beneath it. The high sensitivity 
required is obtained by removing the control of the 
geomagnetic field on the suspended magnet.” 


Thus the orientation of the magnetic field at 
any locality at any time in the. past may the- 
oretically be determined if suitable material is 
available. 

Theoretically, one observation should be 
sufficient to indicate the location of the mag- 
netic pole at the time the rock being investi- 
gated was deposited. Several observations made 
on rocks of the same age but in different parts 
of the world should check one another. Obser- 
vations on rocks of different ages would show 
whether or not the magnetic pole had shifted 
through geologic time. Finally, if it may be 
assumed that the magnetic pole has always 
been relatively close to the geographic pole, it 
would be possible to determine changes in geo- 
graphic position of various spots on the earth. 
Runcorn (1956, Fig. 9) shows the results of one 
such study. In Precambrian time, according to 
this map, the north pole was in the easter 
Pacific; in Cambrian time it was in the central 
Pacific; it migrated northwestward during the 
Paleozoic and then northward during the Mes- 
ozoic and Cenozoic to its present position. 

Before considering the significance of fossil 
magnetization, it should be pointed out that 
within historic times the configuration of the 
earth’s magnetic field has varied greatly. For 
example, at London (Fig. 30), the magnetic 
declination changed from 11° E. to 24° W. 
between 1600 and 1800, a change of 35° in 200 
years (McNish, 1941, p. 227). Similarly, the 
magnetic inclination changed from 74° in 1700 
to 66° in 1935, a change of 8° in 235 years. At 
Boston, the inclination changed from 6814° to 
74° between 1723 and 1850. If we accept the 
assumptions generally made in paleomagnetic 
studies, we would conclude that Boston drifted 
300 miles northward in this period. 

The following suggestions have been used to 
explain why the fossil magnetization differs 
from the present magnetization: (1) slipping of 
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the entire crust over the mantle; (2) rotation of 
the entire body of the earth relative to the 
axis of rotation (Gold, 1955); (3) continental 
drift, with or without rotation of continents; 
(4) periodic or at least episodic reversals of the 
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to that part of the paper dealing with mountain 
building. 

Horizontal compression has long been con- 
sidered a major factor in diastrophism. In fact, 
the concept of compression was evolved to 
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Ficure 30.—VARIATIONS OF MAGNETIC DECLINATION AND INCLINATION 
Wirtuin Historic Time at Lonpon, Boston, AND BALTIMORE 


After McNish 


earth’s magnetic field; and (5) reversals due to 
the eruption of successive lava flows. 

Geologists cannot help viewing with extreme 
skepticism most of the conclusions reached so 
far from these paleomagnetic studies. For one 
thing, the various workers within the field do 
not agree on their interpretations. Moreover, 
if slipping of the entire crust is not sufficient 
to explain their observations, some investigators 
also invoke drifting and rotating continents 
(Creer, 1958, p. 100, 101). This, of course, is 
an unbeatable combination; anything can be 
explained. Stehli (1957), from a study of Per- 
mian climatic zonation, based on the distribution 
of certain brachiopods and fusilinids, considered 
that the Permian climatic zones were similar 
to those existing at present; in other words, his 
study suggests that little change in the position 
of the geographic axis of the earth has occurred 
since then. Doell and Cox (1959) suggest that 
during Mesozoic and Early Tertiary time the 
tarth’s magnetic field was a comparatively 
tapidly changing dipole, without requiring ex- 
tensive displacement or rotation of the con- 
tinents. Munk (1956), on the basis of his math- 
ematical and physical analysis, doubts the 
probability of polar wandering. 


Hypotheses of diastrophism 


Hypotheses of diastrophism will be outlined 
here, but a more critical analysis will be deferred 


explain the folds and thrusts that are so well 
displayed by stratified rocks. Some, among 
them Sonder (1956), believe that broad warps, 
with wave lengths of hundreds of miles, may 
develop when a relatively strong crystalline 
crust, with few, if any, overlying strata, 
is compressed. Many believe that a root 
formed by compression may be later elimi- 
nated by slow uplift accompanied by erosion. 
The horizontal compression may be the result 
of a contracting crust (Landes, 1952; Lees, 
1953; Sonder, 1956; Wilson, 1959) due to cool- 
ing of the mantle, formation of denser minerals 
in the mantle, or eruption of lavas. 

In the last few decades many have empha- 
sized subcrustal convection currents (Holmes, 
1945). 

According to another hypothesis large 
pockets of liquid form within the crust, and, 
because of expansion in the change from solid 
to liquid, vertical uplift ensues (Rich, 1951; 
Wolfe, 1949; Van Bemmelen, 1954); folding 
and thrusting are believed to be a consequence 
of gravity sliding down the flanks of such ver- 
tical uplifts. 

Hess (1954) has suggested the importance of 
serpentinization of peridotite below the Mo- 
horovitié discontinuity in causing uplift, pri- 
marily in the ocean basins. Similarly, deser- 
pentinization would cause depression. 

George C. Kennedy (1959) has suggested 
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phase changes near the Mohorovitié discon- 
tinuity, such as gabbro changing to eclogite. 
With the addition of heat the minerals in the 
upper part of the mantle would be converted 
into the less dense phases characteristic of the 
crust; uplift would ensue. Conversely, with an 
excessive loss of heat, the minerals in the lower 
part of the crust might be converted into the 
denser phases characteristic of the mantle; 
depression would ensue. Any folds or thrusts 
would be incidental to such vertical move- 
ments. But, as Kennedy (1959, p. 503) himself 
points out, the thinness of the crust beneath 
the oceans is difficult to reconcile with this 
hypothesis; sufficient pressure to convert gab- 
bro to eclogite would not be reached at such 
shallow depths. The quartz-coesite transition 
would probably not be an important factor in 
the supposed reversible change from crust to 
mantle. Sufficient pressure to convert quartz to 
coesite (Boyd and England, 1959) is attained 
only at depths so great that little or no free 
silica is present. 

Vertical movements due to loading and un- 
loading because of the waxing and waning of 
continental ice caps are the result of special 
conditions. Vertical movements due to. the 
erosion or deposition of sediments are un- 
doubtedly important, although some other 
process must cause the initial uplift or depres- 
sion. The rise of lighter rocks through over- 
lying heavier strata is important in the rise 
of salt domes, and the rise of magma may 
cause some of the deformation in the interior 
of folded belts. 


MovuntTAIn BvuILDING 


So far, we have considered the various 
diastrophic processes that deform the crust 
of the earth. But what do these have to do 
with mountain building? In the past, as has 
already been pointed out, mountain building 
has often been equated with folding and hori- 
zontal compression. 

Others have already recognized the fallacy 
of this concept. Wegman (1955, p. 285) says 
“. . Orogenic movements created relief (moun- 
tain and depressions) ...tectogenetic move- 
ments are registered in the multiple structures 
of rock masses.” By “‘tectogenetic movements” 
he means folding and faulting. He says further, 
“The two movements do not necessarily 
accompany one another... .”” Dorr (1958) says: 
“Theoretically, it may be desirable to dis- 
tinguish between orogeny and mountain build- 
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ing.” Here he is using orogeny in the sense 
of folding and thrusting. King (1959, p. 90) 
says: “Thus, even though the Cordilleran sys- 
tem began to grow later than the Appalachians, 
their present form is not caused by folding, 
thrust faulting....As in the Appalachians, 
other events took place later which had a 
greater effect in shaping the present surface.” 
Mountain building is the result of an upward 
vertical movement, whether or not it be the 
indirect result of horizontal compression. But 
should upward movements be considered sepa- 
rately from downward movements? Men were 
long ago greatly impressed by mountain ranges 
because they were such a formidable barrier 
to cross. Basins did not impress them so much, 
because they were filled by sediments or by 
water, across which travel was much easier. 
But tectonically a basin is as important as a 
mountain range. Perhaps the only difference 
is that the formation of a mountain range or 
plateau involves work against gravity. 
Most modern mountain ranges are not the 
direct result of folding. Many have been 
demonstrated to be the result of epeirogenesis— 
diktyogenesis, if we wish to use Von Bubnoff’s 
term—entirely unrelated to folding. We may 
cite such ranges as the Appalachians, the 
Caledonides of Scandinavia, the Vosges, the 
Black Forest, the Rockies, and the Andes. 
Plateaus, such as the Appalachian Plateaus and 
the Colorado Pleateaus, are obviously the 
product of regional uplift and not folding. 
But what causes these vertical movements? 
Some of the hypotheses listed in a previous 
section of this paper may now be considered 
more fully. One popular hypothesis, which, how- 
ever, has not been too carefully thought out, as- 
sumes that such belated uplift is the result of iso- 
static adjustment because of a root that devel- 
oped under horizontal compression. But there 
are several objections to this. One is the time 
factor. In many ranges, such as the Laurentians, 
the Torngats, the Scandinavian Ranges, and 
the Appalachians, the folding was hundreds 
of millions of years ago. Secondly, between 
the time of the folding and the most recent 
uplift, these ranges—this would also apply to 
the Sierra Nevada—were reduced to surfaces 
of low relief. Thirdly, as will be pointed out 
later, the amount of uplift is in many cases 
excessive compared with the amount of shorten- 
ing. Finally, the hypothesis fails to explain the 
uplift of plateaus, such as the Appalachians 
and Colorado Plateaus. 
A second hypothesis is that large-scale 
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vertical movements are the result of horizontal 
compression, the crust buckling into great 
broad warps with a wave length of hundreds 
of miles. In eastern North America the Fall 
Line surface may be used as the plane of 
reference for the late Mesozoic and Tertiary 
deformation (Fig. 19). Over the present moun- 
tains it has been warped up into a great 
anticline, whereas the lowest parts lie at the 
continental slope or beyond. The amplitude 
of this great fold is at least 4 miles. If the crust 
had been merely compressed into this great 
fold—with a wave length of several hundred 
miles—the Mohorovitié discontinuity beneath 
the Appalachians would be at least 4 miles 
higher than under the Continental Slope. But 
gravity data show this is not so. Certainly the 
base of the crust is deeper beneath the Appala- 
chians than beneath the Atlantic Plain. Hori- 
zontal compression does not appear to be the 
explanation of the broad vertical movements 
of the crust. 

A third hypothesis is that sialic material 
moves at depth from one area to another. Such 
a theory applied to eastern North America 
suggests that since the middle Mesozoic sialic 
material has been continuously transferred 
from beneath the sinking Atlantic Plain and has 
been accumulating beneath the Appalachians. 
Which was cause and which was effect is a 
problem. Did erosion and sedimentation, during 
which the debris moved southeasterly, cause a 
deep-seated counter flow of sial from southeast 
to northwest? Or did movement of sial, caused 
by convection currents, cause depression in the 
Atlantic Plain and uplift in the Appalachians? 

The uplift of the North American Cordillera 
presents an even more formidable problem. 
In analyzing this subject the following data 
are used: (1) width, 1000 miles; (2) average 
altitude 1.5 miles; (3) average Bouguer anomaly, 
-150 milligals (Lyons, 1950, unpublished map); 
(4) thickness of crust prior to Nevadan- 
laramide revolution was 18 miles; and (5) 
until late Jurassic, and in many places until 
late Cretaceous, the region was close to sea 
level and receiving sediments. Although such a 
sweeping analysis may at first appear un- 
justified, a summation of studies covering 
smaller areas would undoubtedly lead to 
similar conclusion. It is also assumed that the 
gravity data are more reliable than some of the 
seismic data in this area (Tatel and Tuve, 
1955; Woollard, 1959). 

Whereas the gravity anomalies indicate that 
the crust beneath the Cordillera averages 
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28 miles thick, the average altitude suggests, 
assuming isostatic conditions, that the crust is 
32 miles thick (graph in Woollard, 1959, 
p. 1535). To produce such a root by horizontal 
compression, a shortening of 40 per cent would 
be necessary; that is, the belt that is now 1000 
miles wide was originally 1650 miles wide. 
Available data indicate, however, that the 
shortening, especially since the end of the 
Jurassic, was much less. The hypothesis of 
compression is inadequate to explain the uplift 
of the North American Cordillera. 

The Sierra Nevada offer some pertinent 
data. Axelrod (1957) has recently given an 
excellent account of the uplift of the Sierra 
Nevada in late Tertiary and Quaternary time; 
in one area, 3500 feet of the uplift took place 
along faults, whereas an additional 1800 to 
3000 feet of uplift was produced by warping. 
The root beneath the Sierra Nevada raises an 
interesting problem. The sialic crust here may 
be 50 km thick, twice as thick as the “normal 
crust” nearer the Pacific Coast (Tsuboi, 1956; 
see also Press, 1956; Byerly, 1938; Gutenberg, 
1943; Oliver, 1956). When and how did this 
root originate? One hypothesis is that it is a 
relic of the Nevadan revolution. There are, 
however, several objections to this. In the 
first place, the pre-Cretaceous basement beneath 
the Great Valley is presumably as highly folded 
as the rocks of the same age in the Sierra 
Nevada (Fig. 31). Should not as great a root 
have formed under what is now the Great 
Valley as beneath the Sierra Nevada? Secondly, 
why did the Sierra stand relatively low through- 
out much of Tertiary time? Only one answer 
seems reasonable—the present root has formed 
in late Tertiary and Quaternary time, but 
little crustal shortening has occurred. 

Whence has this sial beneath the Sierra and 
the entire North American Cordillera come? 
One possibility is that the sial has been trans- 
ferred from elsewhere, but there seems to be 
no adequate source. (See also Kennedy, 1959, 
p. 494). A second is that new sial, leaking out 
from the mantle, has recently accumulated 
beneath the Sierra. This assumes that the 
difference between the crust and the mantle 
is largely chemical. But the amount is pro- 
digious. If sial were added to the crust at 
the same rate in pre-Tertiary times, the con- 
tinents would be much larger. Or, in accordance 
with Kennedy’s suggestion, mantle may have 
been converted into sial. 

Pure strike-slip faulting by itself will not 
normally produce relief. Local relief (Fig. 32) 
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may result if a high area is brought into juxta- Triassic. By late Triassic time strata several | 
position to a low area (Cotton, 1956, p. 198), miles thick had been removed by erosion from | % 
but some other process must have produced some areas. Where are the products of this 


the original differences in relief. If strike-slip erosion? No one seems to know. However, as 
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Ficure 31.—StrucTuRAL TRENDS IN CALIFORNIA 


faulting is accompanied by buckling of the pointed out previously, it is possible that erosion | | 
moving block (Fig. 33; Cotton, 1956, p. 190) kept pace with the folding, and that no moun-} | — 
or thrust faulting (Fig. 34; Cotton, 1957a, tains developed. Nevertheless, there is evidence | __ 
p. 940), differences in relief may result. that mountains formed as a result of the mid- 

Kingma (1958; 1959) has suggested that 4 Devonian Acadian revolution in the north- 
block caught between two strike-slip faults astern United states and adjacent Canada. 
may be squeezed up. If the blocks are free to 1, New Hampshire, the youngest sedimentary 
move laterally the shape of the blocks will rocks involved in the Acadian folding aft 


not change, even though their positions do. : sap : 
‘ upper Lower Devonian (Billings, 1956). Syn 
If the blocks move toward one another, how- nee site Reinneabie “Allie pee: to be eatly| icc 
ever, they are shortened at right angles to the Mid-D gt The folded belt sat all 
strike of the faults; the resulting expansion y rtrbrroncscscedthes vd ser wenMbcumeenters p< ded Mt. 
may well be vertical. of New England and presumably extended ling Cot; 
We may well ask whether folding and thrust- southwestward beneath what is now the 
ing produces mountains. Often evidence is not Coastal Plain. Moreover, at this same timt/oded : 
available. The Valley and Ridge Province has the Catskill delta of Pennsylvania and NeW{York a1 
already been discussed. The folding took place York began to form (Barrell, 1914). A layet) In tl 
some time between early Permian and late of rock 2 to 4 miles thick must have been}las shc 
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FicureE 32.—SHuTTER RIDGES 
After Cotton 





Ficure 33.—BuckLinG AssOcIATED 
WITH STRIKE-SLIP FAULTING 


After Cotton 
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Ficure 34.—Turust Fautt AssociaTED 
WITH SfRIKE-SLIP FAULTING 


Mt. Miroroa area, New Zealand. After Kingma 
ind Cotton. 


ttoded from the source area southeast of New 
York and Pennsylvania during the Devonian. 
In the Wasatch Plateau, Spieker (1946) 
has shown that the influxes of Cretaceous 





gravels resulted from folding to the west. 
In western Wyoming, Dorr (1958) has shown 
that a belt of thrusting in Paleocene time was 
the source of clastic sediments in the Hoback 
Basin. In the Alps, as a result of Oligocene 
folding and thrusting, the Oligocene-Miocene 
molasse—sandstone with conglomerate—was 
deposited. Collet (1927, p. 119) says: “... the 
Alps traveling forward and the pebbles going 
forward from the chain as it grows, and then 
the chain riding over its own debris.” 

We conclude, therefore, that folding and 
thrusting may result in the formation of 
mountains. This uplift may be the direct 
result of the folding—that is, from the rise of 
the crests of anticlines. It may also be iso- 
static uplift because of the formation of a root. 


SUMMARY AND CONCLUSIONS 


The chief purpose of this paper has been to 
consider the relative importance of the various 
types of diastrophism and especially their 
relation to mountain building. 

Folding and thrusting is the most spectacular 
type of diastrophism insofar as changes in the 
shape of rock bodies are concerned. Not all 
geologists agree that the folded strata have 
been shortened. Most Americans would agree 
that shortening has taken place but would 
not agree on the extent to which the basement 
has been shortened or on the question of 
whether there has been any reduction in the 
circumference of the earth. Epeirogenesis is 
by no means as spectacular as folding, because 
it does not change the shape of rock bodies. 
But epeirogenesis produces striking topographic 
effects. When vertical movements are accom- 
panied by large high-angle faults, important 
topographic and structural effects result. Al- 
though large strike-slip faults are prominent 
is some areas, and many seismologists believe 
that most earthquakes originate on faults in 
which the strike-slip component exceeds the 
dip-slip component, such faults appear to have 
been of minor importance in the past. 

The problem of mountain building is only 
part of the entire subject of vertical movements 
of the crust of the earth. For many decades 
it has been customary to equate mountain 
building with folding and thrusting. Originally 
it was believed that the uplift was the direct 
result of the folding, similar to the rise of 
anticlines in pressure-box experiments. Later 
it was suggested that the uplift might be 
augmented by the isostatic rise of the root 
formed during the folding. 

Although some mountains apparently result 
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from folding, many do not. Rather, they are 
the result of vertical movements that have no 
obvious genetic connection with earlier periods 
of folding. In some areas the crust fractures 
during these vertical movements, producing 
fault-block mountains and graben. Sialic roots 
under modern mountain ranges are of recent 
origin and are unrelated to the earlier folding. 
Mountain ranges may also form when blocks 
are squeezed upward between strike-slip faults. 

Mountain building should not be equated 
with one type of diastrophism. A successful 
theory of diastrophism and mountain building 
must explain among other things (1) the hori- 
zontal compression that is essential to form 
belts of folded and thrust-faulted strata; (2) 
extensive vertical movements, with or without 
high-angle faulting, and unrelated to folding; 
and (3) extensive strike-slip faults. 
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AGE OF THE GRANITIC ROCKS OF NOVA SCOTIA 
By H. W. Farrparrn, P. M. Hurry, W. H. Pinson, Jr., AND R. F. CORMIER 


ABSTRACT 


The ages of biotite, muscovite, and potassium feldspar in granitic rocks from 27 
localities in Nova Scotia, as determined by A/K and Sr/Rb methods, fall in the range 
300 to 400 m.y. At two localities, where nearby intrusive contacts with upper Lower 
Devonian fossiliferous sedimentary rocks are established, the best estimate of the age 
of the intrusive rocks is 365 + 20 m.y. Biotite and potassium feldspar in granite from 
Boisdale Hills (Cape Breton Island), associated with nearby Middle Cambrian sedimen- 
tary rocks, have an estimated age of 500 + 20 m.y. A single age analysisof biotite in the 
metamorphosed Meguma series gives 340 m.y. Radiation-damage ratios for zircon at nine 
localities where the age has been determined show one concordant result and eight which 
are lower than the A/K and Sr/Rb ages by 16 to 33 per cent. 

The evidence of the mineral ages in the granitic rocks investigated thus far in Nova 
Scotia strongly suggests a protracted period of intrusion in the Devonian, with the upper 
Lower Devonian older than 365 m.y. Middle Cambrian is tentatively believed to be older 
than 500 m.y. 

Holmes’ B time scale, with Cambrian limits of 430 and 510 m.y. and Devonian limits 
of 255 and 313 m.y., would require an extension of 10-25 per cent to meet the Nova Scotia 
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compositional variation. Despite their hetero- 
geneous character, the rocks are for the most 
part rich in mica, particularly biotite. This 
feature has made the present investigation 
possible. 

Our interest in Nova Scotia age problems 
stems from a combination of a few established 
sedimentary-intrusive igneous contacts and a 
much larger number of ill-defined and undated 
field associations. The results obtained have on 
the whole been enlightening, although, as is 
usual, additional problems have been encoun- 
tered. We are reporting at this time on 27 
localities, representative of the entire province 
with the exception of the Cobequid area on the 
northern edge (See Plate 1). 
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METHODS OF ANALYSIS 


Fresh field samples of approximately 10 to 
50 pounds were crushed and screened, and 
concentrates of biotite, muscovite, and K 
feldspar were obtained by magnetic and heavy- 
liquid separation. Most of the final products 
contained less than 10 per cent impurities. 
Facilities for both A/K and Sr/Rb methods of 
age determination were available, and a 
number of samples were analyzed by both 
methods. Co-existing minerals, particularly 
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muscovite and biotite, were analyzed wherever 
possible. 

The Sr/Rb analytical data were obtained by 
mass spectrometric analysis, using a stable- 
isotope dilution procedure. Details of the 
method are essentially the same as described 
from our laboratory by Herzog and Pinson 
(1955), as developed by Davis and Aldrich 
(1953), Tilton, Aldrich, and Inghram (1954), 
Inghram (1955), and Aldrich ef al. (1956). We 
have introduced a few modifications, such asa 
radioactive Sr®* tracer to aid in monitoring the 
separation of the sample Sr. 

The A/K analytical data were obtained by 
mass spectrometric analysis of argon and 
flame-photometric analysis of potassium. 
Aldrich and Nier (1948) pioneered in the 
determination of A*® in potassium minerals; 
application to age problems has since been 
extensively investigated (Smits and Gentner, 
1950; Wetherill, Aldrich, and Davis, 1955; 
Wasserburg and Hayden, 1955). In our labora- 
tory the general procedure is as follows. 

Argon is released from the samples by direct 
fusion using induction heating, and the spiked 
gases are purified with hot titanium metal. Air 
contamination is determined by measurement 
of A**®, In most cases, the air-contamination 
corrections have been less than 5 per cent. The 
calibration of the argon system was carried out 
using spectroscopically pure argon and meas- 
ured volumes. Independent analyses of the 
argon content of standard air have yielded an 
average value of 0.937 per cent total argon, 
using the spike and apparatus constants 
employed in the runs on unknowns. This value 
is close to the value of 0.94 per cent commonly 
given for the argon content of air, so the 
calibrations are considered to be sufficiently 
accurate. In addition, the argon measurements 
on a standard biotite, B3203, average 3.891 X 
10~* std. cc/g, which is within 1 per cent of a 
value determined at the Carnegie Institution of 
Washington (G. W. Wetherill, personal 
communication). 

A Perkin-Elmer, Model 146, flame photom- 
eter, augmented by a mass spectrometer for 
checking, was used for the potassium analyses. 
Replicate photometer determinations were 
made, using at least two independent solutions, 
with lithium as an internal standard, until a 
satisfactory mean was obtained. This mean 
agreed satisfactorily with isotope-dilution 
analysis by mass spectrometer wherever checks 
were made. All the analyses were monitored 
against biotite, feldspar, and rock standards. 
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RvuBIDIUM-STRONTIUM ANALYSES 


Table 1 shows the analytical data from 23 
localities, arranged in approximate geographic 
sequence from southwest to northeast across 
the province. With four exceptions, the Rb/Sr 
ratio was large enough in all analyses for age 
computation by isotope dilution only; three 
feldspars and one muscovite required an 
additional isotope-ratio analysis to reduce 
errors to an acceptable level. This is normal 
procedure for all potassium feldspars because 
of their relatively low, Rb/Sr ratios. The 
muscovite sample had not been sufficiently 
concentrated, and its reported Sr content of 
90.9 ppm is mostly from plagioclase con- 
tamination. 

Details of calculation of precision of analysis 
are reserved for another paper, and only a 
general statement is included here. The variable 
most directly related to magnitude of precision 
error is the Rb/Sr ratio, from which a second 
important ratio *Sr’7/Sr can be computed. 
Where this second ratio is very small, the error 
in *Sr’ may be very large for isotope-dilution 
analysis. Figure 1 shows the distribution of all 
the analyses on a plot relating Rb/Sr and 
*Sr7/Sr. As age varies with *Sr®’/Rb*® for a 
given decay constant, all samples of a given 
age will lie on a straight line. The diagram 
serves as a check on computation and also to 
show the relative positions of those samples 
with lowest Rb/Sr and *Sr%’/Sr (inset in 
Fig. 1). The four lowest are those previously 
mentioned for which additional isotope-ratio 
analyses were carried out in order to reduce 
the error in *Sr’’. Two others, also in the inset, 
might likewise have been given isotope-ratio 
analyses but, as their isotope-dilution ages 
agreed reasonably well with ages of coexisting 
minerals, the additional analyses were not made. 

Calculation of standard precision error in 
four selected samples gives the results shown 
in Table 2. The muscovite-biotite pair (2089) 
shows widely varying Rb/Sr, with resultant 
lower error in the biotite age than in the 
muscovite. The difference in age error, however, 
isnot great, as the error assumed in the weight 
of spike is constant for both samples. A second 
biotite-muscovite pair (3134) illustrates the 
eflect of very low Rb/Sr. Biotite shows the 
normal range of error, whereas *Sr*’/Sr in the 
muscovite is so low that the computed error is 
more than 20 per cent. The isotope-ratio 
analysis, which avoids the error-sensitive ratio 
of *Sr®? to spike Sr, reduces the age error to 
an acceptable degree. As a test of this, the 
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computed uncertainties of 24 and 30 m.y. in 
B3134 and M3134 overlap. 

Precision error has not been computed for all 
the analyses, but probably none exceeds 10 
per cent and the great majority are approxi- 
mately 5 per cent. 

No adequate test of accuracy of Rb and 
*Sr7 analyses in mica and feldspar has yet 
been made. Work is progressing on a suite of 
lepidolites in an effort to correct this situation 
(Aldrich e¢ al., 1956; Herzog and Pinson, in 
press), and accuracy of at least 5 per cent has 
already been demonstrated for *Sr%’?/Rb*. 
These lepidolite samples, although intended as 
interlaboratory standards, are suspect as to 
homogeneity, and no reserve stock is available. 
Interlaboratory work reported over a period of 
years on other minerals, using different methods 
of analysis, likewise suggests 5 per cent accuracy 
as probable (e.g., Herzog and Pinson, 1956; 
Smales, 1955). 

In the present investigation, if cogenesis as 
well as coexistence of the minerals is assumed, 
Table 3 gives geological support for this level 
of accuracy from most of the mineral pairs 
listed. Most of the data in Table 5 (comparing 
Sr/Rb and A/K ages) would likewise fall 
within the 5 per cent limit. 

A histogram of the Sr/Rb ages (Fig. 2, 
center) shows a spread between 320 and 422 
m.y. which is far in excess of these 5 per cent 
precision and accuracy limits. The significance 
of this is therefore geological, not analytical, 
and will be considered later. 


PotaAssIuM-ARGON ANALYSES 


Table 4 lists A/K ages from 17 localities, 
13 of which are also included in Table 1. Pre- 
cision error for argon in these analyses is based 
on replicate runs on the same sample, which 
indicate an uncertainty of 0.4 per cent. In 
most cases the standard weight of the sample 
used was 5 gm, so that for a pure mineral the 
variability between each sample taken for 
analysis does not exceed the analytical error. 
A conservative estimate of the error in argon 
determination would therefore be about 1 
per cent. 

Accuracy of argon analysis is based on 
checks against the known amount in the at- 
mosphere. Three analyses of atmospheric 
argon made in our laboratory agreed well 
within 1 per cent. 

Precision of potassium analysis in our 
laboratory, using photometric methods, may 
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TaBLeE 1.—ANALyTICAL DaTA For Sk/RB AGES OF BioTITE, MuscOvITE, AND K FELpsPAR 








Normal 


Radiogenic 


Rb 


ent | 











Sample No. and Locality ey ant Sr (ppm |*Sr®? (ppm |(ppm by| Rb/Sr RL | Se) 
ons: | by wt.) | by wt.) wt.) Sr Rb* | (my) 

B2094 
Atwood Brook 43°31'N. 17.5 0.55 425 24 -031 | .00457 | 325 
Shelburne Co. 65°42’W. 

B2100 
Shelburne 43°47'N. 4.9 2.47 1666 | 340 -443 | .00460 | 330 
Shelburne Co. 65°20'W. 

B2092 
Port Mouton 43°46’N. 4.5 1.10 853 | 190 .244 | .00455 | 326 
Queen’s Co. 65°24'W. 

B3250 
Bear River 44°37'N. 11.3 0.79 541 50 -070 | .00516 | 370 
Annapolis Co. 65°33’W. 

B3308A 
Nictaux Falls 44°53’N. tis 1.02 665 58 .089 | .00542 | 39] 
Annapolis Co. 65°2'W. 

B3308B 
Nictaux Falls 44°53'N. toa 1.36 843 | 112 -181 | .00570 | 410 
Annapolis Co. 65°2’W. 

B2095 
West Nictaux 44°54'N. 6.9 0.60 431 62 .087 | .00498 | 358 
Annapolis Co. 65°7'W. 419 

B2099 
Lake Gaspereau 44°59’/N. 16.2 0.82 556 34 -051 | .00521 | 376 
King’s Co. 64°33'W. 

B2096 
Albany Cross 44°43’N. 4.0 0.95 688 | 172 .238 | .00488 | 355 
Annapolis Co. 65°2’W. 

B2097 
Springfield 44°37'N. 8.3 1.04 748 90 -125 | .00491 | 355 
Annapolis Co. 64°52’W. 

B2098 
New Ross 44°48’N. 5.8 0.90 652 | 112 .155 | .00487 | 350 
Lunenburg Co. 64°32'W. 

B1710 
Chester 44°36'N. 4.5 1.06 756 | 168 .236 | .00495 | 357 
Lunenburg Co. 64°12’W. 

B1712 
St. Margaret Bay 44°37'N. 6.8 1.29 891 | 131 -190 | .00512 | 368 
Halifax Co. 63°55’W. 

M1712 
St. Margaret Bay 44°37'N. 3.3 1.61 1229 | 372 -488 | .00463 | 332 
Halifax Co. 63°55’W. 

B2091 
Shad Bay 44°32’/N. 8.6 1.50 987 115 .174 | .00537 | 385 
Halifax Co. 63°47'W. 

M2091 
Shad Bay 44°32'N. 26.2 1.29 880 34 .049 | .00518 | 373 
Halifax Co. 63°47'W. 

B2090 
Halifax 44°38'N. 9.2 0.86 586 64 .093 | .00517 | 372 
Halifax Co. 63°39’W. 
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TABLE 1.—Continued 
Normal |Radiogenic| Rb v: - 
Sample No. and Locality ~ and Sr (ppm |*Sr8? (ppm |(ppm by| Rb/Sr Sr87/ cg Age 
ong: | by wt.) | by wt.) | wt.) oe Be eon 
yw y 
B3128 
Ship Harbour 44°48'N. 8.5 1.90 1287 | 151 .224 | .00522 | 376 
Halifax Co. 62°55’W. 
1313128 
Ship Harbour 44°48/N. 14.8 0.95 604 41 .064 | .00555 | 400 
Halifax Co. 62°55’W. 
F3326 
James River 45°35'N. 56.4 0.50 342 61 .009 | .00513 | 370 
Antigonish Co. 62°12’W. 
erie 
Larry’s River 45°16'N. 3.3 1.65 1239 | 375 .500 | .00470 | 338 
| Guysborough Co. 61°28’W. 
M1708 
Larry’s River 45°16’N. 8.4 0.92 683 81 -110 | .00475 | 342 
Guysborough Co. 61°28’W. 
B2089 
Queensport 45°18’N. 3.3 1.93 1323 | 401 -585 | .00515 | 370 
Guysborough Co. 61°14’ W. 
M2089 
Queensport 45°18'N. 45.2 0.82 563 12 -018 | .00515 | 370 
| | Guysborough Co. 61°14’W. 
} (B3132 
Boisdale Hills 46°4'N. 35.4 0.53 286 8.1] .015 | .00654 | 470 
Cape Breton Co. 60°30’W. 
F3132 
Boisdale Hills 46°4'N. 43.3 0.51 263 6.1 | .012 | .00685 | 486 
Cape Breton Co. 60°30’W. 
» |B3134 
MacKenzie River 46°50'N. 18.6 0.66 449 24 -035 | .00519 | 375 
Inverness Co. 60°40’W. 
M3134 
MacKenzie River 46°50'N. 90.9 0.50f 302 3.3 | .005 | .00587 | 422 
Inverness Co. 60°40’W. 
F3129 
Kelly Cove 46°17'N. 47.9 0.79 346 7.3| .016 | .0080 | 576 
Victoria Co. 60°29’W. 0.575f 347 7.3| .012 | .0059 | 422 
































t Isotope-ratio analysis of unspiked sample 


Initial letters B, M, F indicate biotite, muscovite, or K feldspar analysis 
Decay constant for Rb*’ is AR» = 1.39 K 10™™ yr. 


Relative abundance Rb®? = 0.2785 
Initial Sr®7 relative abundance = 0.0702 


confidently be set at 2 per cent. This is based 
on photometric error arising from replicate runs 
of tae same sample solution and on discrepan- 
cies found between two independently prepared 
solutions. 

Accuracy of potassium analysis has excellent 
control. Checks against four recognized stand- 


ards (G-1/W-i, NBS 70, “Haplogranite”’) 
agreed in all cases to within 0.5 per cent; 
checks against three biotites (K analyzed 
gravimetricaily, with Rb correction, by the 
Rock Analysis Laboratory, University of 
Minnesota) agreed within 1 per cent. 

Precision error in A/K ages, based on the 
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FicurE 1.—P.Lot SHOWING SAMPLE VARIATION OF Rb/Sr anp *Sr*7/Sr 


TABLE 2.—AGE ERRORSf FOR SAMPLES WITH VARYING RB/SR 


ie BI7I0 
357 ©'Sr"by Isotope Ratio Anolysis 
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| B2089 M2089 B3134 weird 
Isotope Isotope Isotope I I 
dilution dilution dilution sotop ” notope 
dilution ratio 
Rb/Sr 401 12.5 24.1 3:0 3.0 
*Sr87/Sr 0.585 0.181 0.035 0.0039 0.0053 
+0.026 +0.0106 +0.002 +0.0009 +0.0004 
+4.5% +5.9% +6.2% +22% +7.3% 
Age 370 370 375 302 422 
+15 m.y. +22 m.y. +24 m.y. +69 m.y. +30 my. 
44% +5.9% +6.3% +23% +7.4% 























t Based on 0.5 per cent error in measured ratios 


Based on 0.25 per cent error in normal and spike isotope ratios 
Based on 2.0 per cent error in weight of spike used in each analysis 


preceding discussion, is estimated not to 
exceed 3 per cent, and accuracy error is esti- 
mated at not more than 2 per cent. 

As with the Sr/Rb ages, the A/K determi- 
nations show an age spread far in excess of 
possible experimental errors in precision and 
accuracy. The bottom histogram of Figure 2 
shows the distribution found, with a spread 
approximately the same as for the Sr/Rb 
histogram. 


CoMPARISON OF SR/RB AND A/K AcE DatTA 


Table 5 recapitulates the data of Tables ! 
and 4 and, for each locality, presents a final 
estimate of the age to the nearest 5 million 
years. Figure 3 is based on this table, showing 
by tie lines those samples analyzed by both 
methods. Excluding the Nictaux Falls data, 
which will be considered hereafter, the remain- 
ing 11 analyses of Figure 3 show that the A/K 
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COMPARISON OF Sr/Rb AND A/K AGE DATA 


and Sr/Rb ages are in essential agreement, 
with no apparent bias. This result does not 
agree with ages obtained by Gast, Kulp, and 
Long (1958) in several Precambrian areas where 







NUMBER OF ANALYSES 
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NUMBER OF ANALYSES 





NUMBER OF ANALYSES 


280 


320 
FicureE 2.—AGE HisToGRAMS 


360 


A/K values are consistently lower than 
Sr/Rb. 

The large discrepancy between the two 
methods for samples 3308A and 3308B (Table 
5) is outside the scope of the small differences 
considered heretofore. The two localities, about 
1 mile apart near Nictaux Falls, are within a 
few hundred yards of an intrusive contact with 
fossiliferous upper Lower Devonian and 
Silurian strata. As the Sr/Rb ages for the A 
and B samples agree closely (391 and 410 m.y.), 
it seems unwarranted to assume any uncer- 
tainty in the values greater than the expected 
5 per cent precision error. Furthermore, 
Rb/Sr and *Sr*7/Sr (Fig. 1) for these localities 
show normal values which favor low errors. 

Close agreement of the A/K ages for the A 
and B samples (Table 5) (333 and 318 m.y.) is 
equally striking. Duplicate potassium analyses 
for each sample showed normal precision error 
of 2 per cent. An experimental error of about 3 
per cent in the A/K ages may reasonably be 
assumed. 

There is thus no reason to believe, from the 
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analytical viewpoint, that the Sr/Rb ages for 
these Nictaux Falls samples are either superior 
or inferior to the A/K ages, and a mean of 
the two has been taken as the final estimate of 


FINAL ESTIMATE OF AGE 





27 LOCALITIES 


520 M.Y. 


Sr/Rb_ AGES 


20 LOCALITIES 


MY. 
A/K_ AGES 
18 LOCALITIES 
¥ Zs T 
400 440 480 520 MY. 





age in each case. Geological implications of the 
discrepancy are considered hereafter. 

The top histogram in Figure 2 shows the 
over-all picture of the age data. As with the 
separate histograms for Sr/Rb and A/K ages, 
there is an almost continuous age spread 
between 300 and 400 m.y. which cannot be 
attributed to analytical error. Although a 
majority of the determinations center approxi- 
mately on 365, there are equally satisfactory 
values both larger and smaller than this. We 
are therefore faced with real analytical differ- 
ences which must have a geological cause. 

The anomalously low A/K age of 243 m.y. 
at Wedgeport cannot be evaluated at present. 
The sample contained considerable chlorite 
and hornblende which made it unsuitable for 
Sr/Rb analysis. 


CORRELATION OF RADIATION-DAMAGE 
Ratios witH A/K AND Sr/Rb AGEs 


In a recent study of radiation damage in 
zircon from granitic rocks (Fairbairn and 
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Hurley, 1957), ratios were computed from 
about 40 samples in northern New England 
and adjacent Canada. In theory such ratios 


TABLE 3.—BIOTITE-MUSCOVITE AND BIOTITE-FELDSPAR Parrs 


FAIRBAIRN ET AL.—AGE OF GRANITIC ROCKS, NOVA SCOTIA 


the discordant ratios might be that late 
recrystallization restored in part the damaged 
zircon structures and so yielded low ratios. The| 








f 
































: Sr/Rb and 
Sample No. and Locality Age ypelooal a Comparison with A/K differ. 
(Sr/Rb) s A/K Age ences in | 
between pairs} Age 
percent | 

B1712 368 
St. Margaret Bay 10 350 340 (biotite) 3 
M1712 332 
B2091 385 | 
Shad Bay 3 379 n.d. 
M2091 373 
B3128 376 : 
Ship Harbour 6 388 370 (biotite) 5 
M3128 400 
B1708 338 
Larry’s River 340 362 (biotite) 0.5 
M1708 342 321 (muscovite) 
B2089 370 
Queensport 0 370 366 (biotite) 1 
M2089 370 
B3132 470 
Boisdale Hills 3 478 518 (biotite) 8 
F3132 486 
B3134 375 
MacKenzie River 12 398 n.d. 
M3134 422 




















Initial letters—B, biotite; M, muscovite; F, K feldspar 


should be equivalent to the time elapsed since 
crystallization of zircon and thus give the 
age of the igneous body containing them. In 
ideal cases this is so (Holland and Gottfried, 
1955); in most instances, however, where 
comparisons have been made, the radiation- 
damage ratio is smaller than the estimated 
age and gives only a minimum “age.’’ This is 
the case for most of the Nova Scotia examples. 
Table 6 and Figure 4 compare the data for 
nine localities. With the exception of Atwood 
Brook, the radiation-damage ratios are lower 
by 16 to 33 per cent. 

No adequate interpretation of these “sub- 
age” ratios is at hand. As one of the ratios 
agrees with the mica age, an explanation for 


Boisdale Hills discordance is the largest and 
would lend some support to this. However, the 
range in age of the younger rocks (310-390 my. 
in Fig. 4) is in phase in almost every example 
with a correspondingly lower radiation-damage 
ratio. This would favor a direct correlation in 
the cooling history of each rock between age 
and radiation-damage ratio, rather than an 
independent and later thermal event (recrys- 
tallization). Within the limits of present 
information further speculation is pointless. 


STRATIGRAPHIC ASPECTS OF THE AGE DATA 


There is general agreement that all the 
granitic rocks of Nova Scotia are pre-Carbonil- 
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FicurE 3.—CorRELATION OF A/K AND Sr/Rb Ace Data 


erous. Except in Cape Breton Island, it is 
likewise agreed that they are restricted to the 
Paleozoic (Weeks, 1954a, 1954b). These field 
inferences are confirmed in a general way by 
the age data presented here. Details of the 
correlation follow. 

Table 7 lists six localities which are particu- 
larly important because of their field associa- 
tions. Two of these, in the neighborhood of 
Nictaux Falls, have been discussed from the 
analytical standpoint because of intramethod 
agreement and intermethod discrepancy. These 
samples were collected about 1000 feet from 
metasediments which are baked and _ trans- 
formed to hornfels. Two fossil localities in 


these rocks are within half a mile of the granite 
sample localities. The matrix embedding the 
fossils shows the same metamorphism as the 
rocks nearest to the granite. Both field and 
paleontological investigators (A. J. Boucot, C. 
F. Hickox, Jr., and W. G. Smitheringale) agree 
without reservation as to the intrusive char- 
acter of the contact and late Early Devonian 
age of the fossils. 

The remaining samples listed in Table 7 
were purposely collected from localities a mile 
or more distant from known contacts, to 
exclude possible effects on the age analyses of 
gain or loss of components. Additional work 
would be required to establish this point 
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TABLE 4.—ANALYTICAL DaTA FOR A/K AGEs oF BIOTITE AND MUSCOVITE 

















Sample No. and Locality Lat. and Long. K per cent A‘°/K40 Argon age 

B2094 
Atwood Brook 43°31'N. 7.62 .0219 341 
Shelburne Co. 65°42'W. : 

B3249 
Wedgeport 43°45’N. 6.29 0152 243 
Shelburne Co. 66°W. 

B2100 
Shelburne 43°47'N. 7.34 .0190 300 
Shelburne Co. 65°20'W. 

B3250 
Bear River 44°37'N. 6.60 .0240 370 
Annapolis Co. 65°33'W. 

B3308A 
Nictaux Falls 44°53’/N. 5.97 .0213 333 
Annapolis Co. 65°2'W. 

B3308B 
Nictaux Falls 44°53'N. 7.34 .0203 318 
Annapolis Co. 65°2'W. 

B2095 
West Nictaux 44°54'N. Lid .0228 370 
Annapolis Co. 65°7'W. 

B2099 
L. Gaspereau 44°59’/N. 6.78 .0238 368 
King’s Co. 64°33’W. 

B2096 
Albany Cross 44°43’/N. 15 .0242 374 
Annapolis Co. 65°2'W. 

B1712 
St. Margaret Bay 44°37'N. 4.95 .0217 340 
Halifax Co. 63°55'W. 

B3128 
Ship Harbour 44°48’N. 6.96 .0239 370 
Halifax Co. 62°55'W. 

B3251 
Liscomb Sanctuary 45°15'N. 6.03 .0247 380 
Guysborough Co. 62°30'W. 

M3133 
Archibald’s Lake 45°12’/N. 7.78 .0218 340 
Guysborough Co. 61°57'W. 

B1708 
Larry’s River 45°16'N. 6.78 .0233 362 
Guysborough Co. 61°28’W. 

M1708* 
Larry’s River 45°16'N. 8.22 .0205 321 
Guysborough Co. 61°28’W. 

B2089 
Queensport 45°19'N. 7.60 .0236 366 
Guysborough Co. 61°14’W. 

B1706 
Framboise 45°46'N. 5.68 .0235 364 
Richmond Co. 60°33’W. 
































Argon age 








_ 341 
243 
300 
370 
333 
318 
370 
368 
374 
340 
370 
380 
340 
362 
321 
366 


364 
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TABLE 4.—Continued 

















Sample No. and Locality Lat. and Long. K per cent A‘ /K¢0 Argon age 
B3132 
Boisdale Hills 46°4/N. 3.69 .0349 518 
Cape Breton Co, 60°30’W. 
B3130 
Black Brook 46°47'N. 7.54 .0237 367 
Victoria Co. 60°19’W. 
B3252t 
Lockeport 43°43/N. 6.56 .0216 338 
Shelburne Co. 65°9'W. 

















Initial letters—B, biotite; M, muscovite 


* The argon measurement of muscovite from Larry’s River (M1708) is probably low because of an early 
faulty technique which did not apply to other argon measurements reported here. A repeat analysis is not 


possible, owing to lack of sample. 
t Mica schist in Meguma series 
Decay constants: A, = 0.585 XK 107! yr.7; 
Relative abundance of K*° = 0.0119 


beyond doubt, but the agreement in age 
between the Bear River, West Nictaux, and 
James River localities, all at considerable 
distance from contacts, is nevertheless in 
striking contrast with the results from the 
Nictaux Falls localities. It is probably purely 
coincidental that the mean of the Sr/Rb and 
A/K ages for Nictaux Falls is in such close 
accord with the other localities showing the 
360-370 m.y. age. We record it so because 
there is no analytical reason to prefer the 


| high Sr/Rb age to the low A/K age. 


The range of age values (300-400 m.y.) is, 
as noted, far in excess of possible analytical 
error (Fig. 2). Although both methods of 
analysis show culminations around 360-370 
my., a not insignificant fraction of the total 
extends to 400 m.y. on the one hand and to 
300 m.y. on the other. Localities close to upper 
lower Devonian and Silurian strata (Table 7) 
show concordant ages of 365 m.y.; the mean of 
the discrepant values for the two Nictaux 
Falls localities, if significant, is in essential 
agreement with this. Present evidence therefore 
points to the age of the upper Lower Devonian 
strata in Nova Scotia as > 365 m.y. This 
value forces an appreciable extension, perhaps 
a much as 25 per cent, of Holmes’ B time 
scale, where the limits of the Devonian are 255 
and 313 m.y. (Holmes, 1947). 

In agreement with Holmes for the Devonian, 
dowever, are (1) glauconite from the Lower 
Devonian Carlisle Centre formation, Cobleskill, 
New York (321 m.y. Sr/Rb), reported by 


A = 5.30 X 107 yr. 


Cormier (1957), and (2) sylvite from the 
Middle Devonian Elk Point formation, 
Saskatchewan (285 m.y. A/K), reported by 
Lipson (1956). The correlation of these results 
with the Nova Scotia data remains a problem 
for future study. 

The granite at James River (Table 7), 
associated with Lower Ordovician rocks, 
raises no additional problems, as it is the same 
general age as the granite found elsewhere in 
mainland Nova Scotia. 

The granite collected from Boisdale Hills, 
from the evidence of biotite and K feldspar 
analyses, is clearly older than any other 
granites we have investigated. The locality? 
is about 1 mile from a contact with Middle 
Cambrian strata which is regarded as intrusive 
by Hutchinson (1952). Goranson (1938), 
however, regarded the granite in this general 
region as Precambrian. In view of our con- 
clusion that late Early Devonian is older than 
365 m. y., it seems more reasonable to place 
Middle Cambrian > than 500 my., fol- 
lowing the field conclusions of Hutchinson 
and Weeks, than to compress all the Cambrian, 
Ordovician, Silurian, and part of the Devonian 
into a time interval of about 150 m.y., as 
would be necessary if the Boisdale Hills 
granite were interpreted as late Precambrian. 
On the evidence of one locality, therefore, an 
early Paleozoic age is preferable. As there is no 





2 Sample collected by D. G. Kelley of the Cana- 
dian Geological Survey 
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TABLE 5.—SUMMARY OF AGES 














‘ . % Difference 
Sample | A/K | Sc Rb |F(COincarest 3 | betmeen A/K 
my.) ages 

2094 341 325 335 +5 
3249 243 nd 245 ss 
2100 300 330 315 —10 
2092 nd. 326 325 

3250 370 370 370 0 
3308A |} 333 391 360 —16 
3308B | 318 410 365 —25 
2095 370 358 365 +3 
2099 368 376 370 —2 
2096 374 355 365 +5 
2097 n.d. 355 355 

2098 n.d. 350 350 

1710 | nd. 357 355 ae 
1712 340 350* 345 -—3 
2091 n.d. 379* 380 

2090 | n.d. 372 370 

3128 370 388* 380 —5 
3251 380 n.d. 380 

3326 | nd. | 370 370 

3133 344 n.d. 345 

1708 341*| 340* 340 0 
2089 366 | 370* 370 -1 
1706 364 n.d. 365 be 
3132 518 478* 500 +8 
3134 n.d. 398* 400 

3130 367 n.d. 365 

3129 n.d. | (422) (420) 

3252 338 n.d. 340 

















* Average of mineral pairs (See Table 2) 


major stratigraphic discontinuity between 
Middle Cambrian and Early Ordovician 
(Hutchinson, 1952), the granite may be as 
young as Early Ordovician. If so, Late Cam- 
brian is older than 500 m.y., compared with 
Holmes’ estimate of 430 m.y. 

It is of interest here to note that Weeks 
(1954b), in a discussion of the unfossiliferous 
Middle River group (which rests unconform- 
ably on Middle Cambrian) believes the granite 
to be at least Late Ordovician and possibly 
Early Devonian. This would be evidence of a 
pre-Devonian orogeny (Taconic?) which in 
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TABLE 6.—COMPARISON OF AGE _ Estimam; 
(Mica AND K FELpsPAR) WITH 
RADIATION-DAMAGE RATIOS (ZIRCON) 

















: Radiation- } 

and ioeality [absolute age| amage | dee. oat 
2094 335 335 0 
Atwood Brook 
2092 325 270 —17 | 
Port Mouton 
2099 370 320 —14 
Lake Gaspereau 
2096 365 280 —3 | 
Albany Cross 
2097 355 270 —24 | 
Springfield 
2098 350 290 —17 
New Ross 
2090 370 310 —16 
Halifax 
3132 500 333 —33 
Boisdale Hills 
3129 (422) 370 —26 
Kelly Cove (576) 














turn might account for the pre-Devonian age | 
of the Boisdale Hills granite. 

At a nearby locality (Kelly Cove) an inferior 
analysis of K feldspar (See Table 1) gives an 
age number which is greater than the 300 to 
400 m.y. range and which may be comparable 
with Boisdale Hills. We quote it here mainly to 
emphasize that further age investigations in 
Cape Breton Island are urgently needed. 





METAMORPHIC ASPECTS OF THE AGE Dat | 


No serious attempt was made in the pres- 
ent study to investigate metamorphic rocks, 
although metamorphism, as might be expected, 
is widespread. The Meguma series, for example, 
forms a metamorphic belt extending the 
entire length of the mainland area. Biotite 
from a schist at Lockeport (B3252) gives an 
A/K age of 340 m.y., which is in reasonable 





agreement with the time of intrusion of granites | 
in the immediate neighborhood (315-335 m.y,). 
As these are at the low end of the age spectrum | 
(Fig. 2), the parallel age of the biotite in the _ 
schist supports the geological reality of 4| 


long-continued period of intrusive activity 
which both antedated and outlasted the 
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onian age Sample no. : ‘ <a Final 
a ad orale Stratigraphic relationship Sr/Rb age| A/K age eaikaains 
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W. G. Phinney since completion of the present 
study gives the following data: 

Sample B3280: K per cent, 6.45; A*°/K*, 
0.023; air correction, 1 per cent; age, 360 m.y. 


CONCLUSIONS 


Most of the extensive granitic bodies of 
Nova Scotia fall in the age range 300 to 400 
m.y. (Boisdale Hills and possibly other Cape 
Breton granites excepted). There is a percep- 
tible grouping of granites of about the same 
age, particularly in the southwestern part of 
the province and in a broad belt east and west 
of Nictaux Falls. The youngest intruded strata 
(late Early Devonian) are older than 365 m.y. 
Although limits cannot yet be set, the time, 
300-400 m.y., when these granitic rocks were 
emplaced, may well constitute all the Devon- 
ian. Weeks (1954a) discusses field evidence in 
Cape Breton and Newfoundland which supports 
this concept. He believes that Lower Devonian 
granites underwent erosion contemporaneously 
with emplacement of Late Devonian plutons. 
The granite age data for Nova Scotia thus far 
provide strong support for this conclusion. 

Although no comparable age statistics are 
available for the 500 m.y. granite locality in 
Boisdale Hills, its association with older 
(Middle Cambrian) sediments is undoubtedly 
significant. Nearby granites in Cape Breton 
Island (Pl. 1) do not bridge the age gap between 
400 and 500 m.y., and it is therefore believed 
on present evidence that Boisdale Hills in- 
cludes some granite at least which is associated 
with a pre-Devonian orogeny, possibly Taconic. 

On the analytical side there is abundant 
evidence from this investigation that co- 
existing biotite, muscovite, and K_ feldspar 
resulting from igneous’ crystallization give 
accordant results by the Sr/Rb method and 
that comparable agreement for biotite and 
muscovite can be obtained with the A/K 
method. No consistent bias between the two 
methods has been found. 

Future work, in addition to filling in regional 
gaps in the Cobequids and in Cape Breton, 
might include lead ages on zircon as well as 
Sr/Rb and A/K studies of mica and K feldspar. 
Recent work by Tilton e¢ al. (1958) in Appa- 
lachian gneisses has shown consistently older 
ages for zircon and feldspar compared with 
much younger and somewhat variable ages for 
coexisting biotite. In Nova Scotia K feldspar 
from James River accords with mica ages in 
nearby localities, and at Boisdale Hills the 
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ages of coexisting biotite and feldspar are in 
essential agreement. These relationships, al- 
though too meager to be conclusive, suggest a 
different age pattern which future work may 
reveal, 
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APPENDIX: DETAILS OF SAMPLE LOCALITIES’ 


2094—On Route 3, 1 mile east of Atwood Brook 
Shelburne County 

3249—On road to Comeau Hill, about 2 miles west 
of Wedgeport, Shelburne County 

2100-—On Route 3, near Shelburne, 
County. Collected by L. H. King 

2092—On Route 3, 3.8 miles east of Port Mouton, 
Queen’s County 

3250—About 3 miles east of Bear River, Annapolis 
County, on road, connecting with Route 8 

3308A—About 1 mile south of Nictaux South, be- 
tween railway and river, Annapolis County. 
Collected by C. F. Hickox, Jr. 

3308B—On Route 10, at Nictaux South, Annapo- 
lis County. Collected by C. F. Hickox, Jr. 

295—From quarry near West Nictaux, Annapolis 
County, on secondary road just south of 
Route 1 


Shelburne 
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2099—On Route 12 at Lake Gaspereau, King’s 
County, 8 miles south of Kentville 

2096—On Route 10, half a mile east of Albany 
Cross, Annapolis County 

2097—On Route 10, 1 mile south of Springfield, 
Annapolis County 

2098—On Route 12, at school 3.5 miles north of 
New Ross, Lunenberg County 

1710—On Route 3, 5 miles east of Chester, Lunen- 
berg County 

1712—East side of St. Margaret Bay, Halifax 
County, 7 miles from Route 3 on way to 
Peggy’s Cove 

2091—Shad Bay, southwest of Halifax, Halifax 
County 

2090—On Route 3, western outskirts of Halifax, 
Halifax County 

3128—On Route 7, just west of Ship Harbour, 
Halifax County 

3251—North side of Liscomb Game Sanctuary, 
Guysborough County, on road connecting 
New Glasgow and Sheet Harbour 

3326—On James river, Antigonish County, about 1 
mile northwest of railway and 7 miles west of 
Antigonish. Collected by D. J. MacNeil 

3133—From Archibald’s Lake, Guysborough 
County, northeast of Sherbrooke. Collected 
by P. R. Whitney 

1708—On road between Guysborough and Larry’s 
River, Guysborough County, 9.5 miles from 
road intersection near Guysborough 

2089—From quarry, half a mile south of Route 
16, at Queensport, Guysborough County 

1706—On road between Framboise and Grand 
River, Richmond County, 12 miles south of 
Framboise 

3132—-About 3 miles from Boisdale, on road to 
Steel Crossing, Cape Breton County. 
Collected by D. G. Kelley 

3134—From MacKenzie River, at Cabot Trail near 
bridge, Inverness county. Collected by E. R. 
W. Neale 

3130—On Cabot Trail, 1.7 miles south of Black 
Brook, Victoria County 

3129—On road south of Kelly Cove and New 
Campbellton, Victoria County 

3252—Along shore, just southwest of Lockeport, 
Shelburne County 


All samples are granitic in character except the 
biotite schist from L ockeport (3252). Latitudes and 
longitudes are given in the tables. 
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GEOPHYSICAL INVESTIGATION OF MONO BASIN, CALIFORNIA 
By L. C. Paxiser, FRANK Press, AND M. F. KANE 


ABSTRACT 


Gravity and seismic studies in Mono Basin, Mono County, California, completed 
during the summer of 1957 revealed a large, roughly triangular block that had subsided 
about 18,000 + 5000 feet and received an accumulation of about 300 + 100 cubic miles 
of light clastic sediments and volcanic materia! of Cenozoic age. The seemingly near- 
vertical faults that bound this great block are displaced toward the center of the basin 
from the surrounding mountain masses, but in general they are parallel to well-defined 
Basin and Range trends. 

The gravity minimum anomaly associated with the Mono Basin structure has a residual 
gravity relief of about 50 mgals, and the lowest gravity readings (on Paoha Isiand) 
yield a complete Bouguer gravity value of about —260 mgals with respect to the Inter- 
national Ellipsoid. The computed depth of subsidence is based on a density of 2.3 gms/ 
cm? for the basin fill and 2.7 gms/cm! for the basement rocks. Seismic-refraction profiles 
at several places in the basin demonstrate that the Cenozoic deposits are thick where the 
gravity is low and relatively thin where the gravity is higher. Along common seismic 
and gravity profiles steep seismic dips coincide with steep gravity gradients. Numerous 
seismic reflections are present within the basin fill. Anomalies on four aeromagnetic pro- 
files are related in part to volcanic material within the Cenozoic section. 

It is concluded that Mono Basin may be a volcano-tectonic depression caused by sub- 
sidence along faults, following extrusion of magma from a magma chamber at depth. 
Volcanic rocks of Pliocene(?) and Pleistocene ages are exceptionally abundant in this 





area. 
CONTENTS 
TEXT Page 
iis Age OF One MMe A ee RA A +o 
Oi sas 'saninre cwies cdaee ceases: 
Mn FS SO POE IES FOS, Fea 416 pb sie 5 “ 
MPPMMOMMENE) ii. ee ke 416 
Geology of Mono Basin.................... 417 ILLUSTRATIONS 
General geologic setting.................. 417 Figure Page 
— of = te ET LE aes ae bag eel po 1. Regional geologic setting of Mono Basin... 417 
<Swenradhagadee iy rhe ap ha aa 2: Interpretation of gravity anomaly along 
conkaieat SOROS e555. SOF. Gee 420 profile A-A 
ETT Te CTS ae a tees a eri Saas ee ape tie 
arte ieee cee ie eaten apts 420 . netic BB" of gravity anomaly slong 
tavity field methods and computations.... 421g Gr 
Seismic field methods and reduction of data.. 421 4 ip omens — . poser 
Aeromagnetic profiles.................... 422 pr eee Pa . ancomngapig i Zax Rie 
_ a stemen sercuameare: Nites tty 422 §. Analysis of seismic profile 1.2... 1.22... 430 
ge areas ae aia lialll BI eit 422 © Analysis of seismic profile2............. 431 
ne SO ie i al lal a ili recreate 423 7. Analysis of seismic profile 3............. 431 
[ smi v locity bas ty -neirbnienys td ry 8. Analysis of seismic profile 4............. 432 
Merwe ee 424, Analysis of seismic profile 5............. 433 
swan 0 SI ela ape 424 10. Analysis of seismic profile6............. 434 
G = hook. ath. epee tlt Ata data te: 424 11. Sample seismograms.................... 435 
Se donner MPR ASY an ain nein Sy ewes 428 12. Analysis of aeromagnetic profile 37-57. ... 436 
tote y ve ata eae ieitshic.>" BBS 428 13. Analysis of aeromagnetic profile 18-33.... 437 
“ae doe sis of seismic profiles... ............. 432 14 Analysis of aeromagnetic profile 81-94. ... 438 
Geo alysis of aeromagnetic profiles.......... 15. Analysis of aeromagnetic profile 67-75... . 439 
logic interpretation..................... 440 16. Generalized geologic cross section of Mono 
Structure of Mono Basin............... ... 440 Basin along profile A-A” based on geo- 
Nature of Cenozoic deposits in Mono Basin. 441 physical-evidence::: |)... <0s05 cee 5008 
Balance sheet of rock volumes............. 444 17. Interpretation of gravity eer along 
Origin of Mono Basin.................-+.+. 445 profile D-D’ in Long Valley. . 


415 








416 


Plate Facing page 
1. Combined gravity and geologic map of Mono 
Basin, California, showing locations of 
seismic and aeromagnetic profiles........ 


PAKISER ET AL.—-MONO BASIN, CALIFORNIA 


TABLES 
Table Page 
1. Velocities and thicknesses of layers........ 423 
2. Velocities and time intercepts............. 434 





INTRODUCTION 


In the Great Basin region of the American 
West the unconformable surface between the 
clastic and volcanic deposits of Cenozoic age 
and the buried pre-Tertiary rocks is a geologic 
boundary of major importance; the pre- 
Tertiary rocks, wherever they project above 
the broad alluviated valleys that conceal them, 
form the main masses of the present ranges of 
the Great Basin. East of the Sierra Nevada, 
the unconformity separates rocks that were 
deformed during the Nevadan orogeny of late 
Mesozoic time and the Basin and Range block 
faulting of late Tertiary and Pleistocene time. 
A knowledge of the buried attitude of this 
unconformity is, therefore, important to the 
understanding of Basin and Range diastro- 
phism. 

Fortunately, this important — geologic 
boundary is marked by sharply contrasting 
densities and seismic velocities. Most of the 
older pre-Tertiary rocks are significantly 
denser than the Cenozoic deposits, and their 
seismic velocity is also greater. Therefore, 
combined gravity and seismic studies can be 
used to determine with considerable reliability 
the attitude of this boundary. In addition, 
magnetic studies can indicate much information 
about the distribution of volcanic rocks of 
Cenozoic age that lie buried beneath the 
surface. 

Mono Basin, Mono County, California 
(Fig. 1), lies at the base of the eastern es- 
carpment of the Sierra Nevada at the 38th 
parallel, and it is one of a series of depressions 
that separate the Sierra from the Great Basin 
region to the east. Mono Basin was also the 
locus of intense local late Cenozoic volcanism 
which may be genetically related to diastro- 
phism. The Mono Basin area has, therefore, 
attracted the interest of geologists since 
Russell’s (1889) classic report on the Quater- 
nary history of Mono Valley. 

An opportunity to make a reconnaissance 
geophysical study of Mono Basin came during 
the summer of 1957 in conjunction with seismic 
recording of a series of large blasts detonated 
in Mono Lake by the U. S. Navy. The U. S. 


Navy Ordnance Test Station (China Lake, 
California), the California Institute of Tech. 
nology, and the U. S. Geological Survey made 
seismic recordings of these blasts. The gravity, | 
seismic, and magnetic data presented and 
interpreted herein were obtained through a 
joint field program of the U. S. Geological 
Survey and the California Institute of Tech- 
nology. These data were obtained for the| 
purpose of studying the geologic structure of 
Mono Basin. 
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GEOLOGY OF MONO BASIN 


GroLocy oF Mono BasIN 
General Geologic Setting 


Mono Basin (PI. 1) is a large depression of 
irregular shape which is occupied by Mono 
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mountains of irregular trend that stand more 
than 2000 feet above the lake level. Granite 
Mountain projects upward at the edge of the 
basalt flow about 6 miles southeast of Mono 
Lake, and other hills of granitic rocks may be 
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FicuRE 1.—REGIONAL GEOLOGIC SETTING OF MONO BasIN 


Lake. The lake is highly saline and now has an 
area of about 85 square miles. In Pleistocene 
time it may have covered as much as 300 
square miles, essentially the area of the present 
basin (Russell, 1889; Putnam, 1949; 1950). 
The maximum depth of the water is 170 feet. 
The basin is bounded on the west by the 
Sierra Nevada, which rises from an altitude of 
6403 feet at Mono Lake to 13,050 feet at the 
summit of Mt. Dana on the crest of the Sierra, 
a distance of only 7 miles. On the north and 
east, Mono Basin is confined by basalt-capped 


seen south and west of Granite Mountain. An 
east-trending ridge, capped with volcanic 
rocks, limits Mono Basin on the south. Bald 
Mountain rises to an altitude of 9045 feet near 
the center of this ridge, and, to the east, Glass 
Mountain stands at an altitude of 11,127 
feet, high above Mono Lake about 20 miles 
to the northwest. Farther east, the lofty White 
Mountains stand higher above Mono Basin 
than the Sierra Nevada in this latitude. 

Mono Craters, a line of peaks built of 
obsidian and pumice, lie immediately south 
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of Mono Lake, above which they rise to a 
maximum altitude of 9164 feet. Mono Craters, 
except for their southern extension, are within 
the confines of Mono Basin. 

The physiographic expression of Mono 
Basin is strikingly different from that of 
nearby Owens Valley, which trends with almost 
perfect linearity about S. 15° E. from its 
northern limit southeast of Mono Lake for 
more than 100 miles along the White-Inyo 
mountain chain to its southern limit near 
Owens Lake (Fig. 1). However, Long Valley, 
immediately south of Mono Basin, has much 
in common with Mono Basin. Mono Basin and 
Long Valley are roughly equidimensional, 
whereas Owens Valley is greatly elongated. 
Mono Basin and Long Valley are marked by 
an intense and complex history of volcanism. 
Both of these basins occupy prominent em 
bayments in the Sierra Nevada front. 

Russell (1889) made the first systematic 
study of the geology of the Mono Basin area; 
Putnam (1949) designated the Pleistocene 
predecessor of Mono Lake as Lake Russell in 
his honor. Putnam (1938; 1949; 1950) has 
restudied Mono Craters, and Mayo, Conant, 
and Chelikowsky (1936) have studied their 
southern extension. Two important papers by 
Putnam (1949; 1950) on the Quaternary 
history and glacial geology of the Mono Basin 
area have appeared in recent years. Gilbert 
(1938; 1941) has studied the volcanic rocks and 
geologic structure in the area southeast of 
Mono Lake. Gilbert (1941) gives an excellent 
summary of the regional geology. 

No detailed geologic map has been published 
of the Mono Basin area, but the authors hope 
that this paper will stimulate interest in 
quadrangle mapping at a scale of 1:62,500 and, 
in particular, a careful study of the chemical 
composition and petrography of the volcanic 
rocks of the region. Ron Kistler, a gradu- 
ate student at the University of California 
(Berkeley), has been mapping the area south- 
west of Mono Lake (Howel Williams, written 
communication). Plate 1 has been mainly 
adapted from Gilbert (1941), although some 
information along the southern part has been 
obtained from the mapping of Rinehart and 
Ross (1957 and written communication) in the 
Long Valley area to the south. The areal 
geology north of the 38th parallel and west of 
longitude 119°06’ is based on a brief recon- 
naissance by the senior author. 
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Rocks of the Area 


The Sierra Nevada and the higher Basin | 
Ranges (e.g., Granite Mountain, Black Moun. | 
tain, and the Benton Range) are made up of 
pre-Tertiary rocks, mainly granitic rocks of | 
Cretaceous (?) age and some older metamorphic | 
rocks. 

Volcanic rocks ranging from early Pliocene 
(?) to late Pleistocene are distributed widely 
throughout the area. Only brief summaries of 
these from Gilbert (1938; 1941) will be given | 
here. These rocks have been highly generalized | 
on Plate 1. 

The oldest Tertiary volcanic rock is a | 
rhyolite consisting of three massive members of | 
vitric-crystal tuff with a combined thickness | 
of about 100 feet, exposed on the east flank of | 
the Benton Range (Pl. 1). An andesite overlies 
the rhyolite. The andesite is separated from the 
rhyolite below and in some places from the 
olivine basalt flows above by erosional un- 
conformities. It has a maximum thickness of 
about 200 feet and is composed mainly of 
massive beds of breccia containing blocks of 
hornblende-pyroxene andesite up to 3 feet in 
diameter. 

Olivine basalt is the most widespread 
Tertiary volcanic rock of the area. Most of the 
Cenozoic andesite and basalt shown on Plate t 
is of this unit. It consists of individual flows 
25 to 50 feet thick, which are scoriaceous at the 
top and vesicular at the base and may reacha 
combined thickness of several hundred feet. 





The basalt was erupted over an erosion surface 
of low relief before fault displacements formed 
the present ranges (Gilbert, 1941). East of the 
Benton Range, bedded rhyolite tuffs overlie 
the basalt; to the south these tuffs lie on an 
eroded surface of granite. Gilbert (1941) has 
identified several basalt necks south and west 
of Granite Mountain. 

A hornblende andesite is exposed on the 
summit and west side of Bald Mountain 
(Pl. 1). According to Gilbert (1941) it may be 
intrusive into the olivine basalt and it is 
overlain by the Bishop tuff of Gilbert (1938). 
Gilbert (1941) believes that emplacement of 
this andesite antedated Basin and Range 
faulting. 

Younger rhyolite is exposed on the slopes of 
Glass Mountain and nearby peaks (Pl. 1). 
Both glassy and lithoidal types are present, 
and there may be beds of tuff between the 
flows. According to Gilbert (1941) the vents 
from which the rhyolite was extruded prob- 
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middle Pliocene; the rhyolite of Glass Mountain 


ably lay along the summit and south flank of 





Glass Mountain, which may have been built 


is younger than the Tertiary basalt flows, and 


. ue | by a series of large, domelike protrusions of Gilbert (1941) regards it as middle Pliocene. 
de up thyolite from which short, thick flows oc- The Bishop tuff is younger than the Sherwin 
rocks 44 casionally erupted. The rhyolite is several (?) glacial stage of Blackwelder (1931), for it 
amorphic | thousand feet thick and has been displaced by _ overlies a till identified as Sherwin (Rinehart 
| faulting so that the southern part now lies and Ross, 1957) in places. Rinehart and Ross 
Pliocene beneath the alluvium of Long Valley. Gilbert (1957) accept the ages Gilbert assigned to the 
d. widely (1941, p. 795) has noted “. . . the faulting suc- volcanic rocks of the region, except for the 
maries of ceeded the rhyolite eruptions for the southern rhyolite exposed in the center of Long Valley, 
be given slope of the range is a scarp along which not which Gilbert, following Chelikowsky (1940), 
eralized | only the rhyolite, but the underlying granitic regarded as late Pleistocene; Rinehart and 
| and basaltic rocks east and west of Glass Ross correlate it with the rhyolite of Glass 
ck fs Mountain have been displaced.” Mountain. 
smbers of | . Bedded rhyolite tuff of about the same age Putnam (1949) has described the lake beds 
thickness | Slopes north from the base of Glass Moun- of Mono Basin. Silt, with very little clay, 
- flank of | tain toward Adobe Valley (Pl. 1). Down- makes up about 60 per cent of these lake beds; 
> overlies | Slope this tuff grades into stream-transported sand and gravel make up 40 per cent. Fresh- 
from the | #24 stream-deposited unconsolidated tuff and water limestones are exposed in places in 
from the gravel. Gilbert (1941, p. 799) notes: “As the Mono Basin. The exposed lake beds are 
onal un-| fault movements began to elevate the present Pleistocene, but older lake beds may lie buried 
skness of | ™8eS, the unconsolidated _ tuffs, readily at depth in Mono Basin. 
ainly of stripped from the higher parts of the rising Well-developed moraines of the Tahoe and 
locks of | ™2ges, Were deposited down-slope on top of the Tioga glacial stages of Blackwelder (1931) are 
3 feet in| original beds as ‘Pleistocene alluvium’”’. exposed on the slopes of the Sierra in Mono 
Gilbert adds (p. 799), “Following the Basin. Putnam (1950) has described these in 
despread initiation of normal faulting, volcanic eruptions detail; he found evidence for all four stages in 
st of the | ©tinued through the Pleistocene period until Mono Basin. The till given the name Aeolian 
» Plate1| ‘cent time.” The oldest volcanic material Buttes by Putnam (1950) and correlated by 
1al flows | upted of Pleistocene age was the Bishop tuff him with the McGee stage may actually be the 
us at the} % Gilbert (1938), which is widely distributed Sherwin stage of Blackwelder (1931), however. 
rreacha} Suth and east of Mono Lake; it reaches a Putnam (1949) has also made a detailed 
red feet} Maximum thickness of several hundred feet. study of the old shore lines of Mono Basin and 
» surface | Cllbert (1938) considers the Bishop tuff to be correlated them with the glacial stages. Lake 
s formed | # Welded tuff of the muée ardente type. Later Russell shore lines were found at about 650 
st of the flows of basalt and andesite crop out here and feet (Tioga) and, less certainly, at about 700 
s overlie there in Mono Basin (Putnam, 1949) and feet (Tahoe) above the present lake level. 
‘e on an iclude those on Paoha Island described by Putnam (1949) concluded that, at the highest 
041) has | Russell (1889). Late in the Pleistocene, ex- water level, Lake Russell overflowed into 
ind weit plosive eruptions scattered pumice from Mono Adobe Valley during the Tahoe glacial stage 
Craters over much of Mono Basin; an im- and, through a series of gorges and canyons, 
on the | Pressive range of volcanic peaks was built from into Owens Valley. Russell (1889) earlier 
fountain | Myolite obsidian and pumice ejected from the stated his belief that Pleistocene Mono Lake 
“may be} Vents. Putnam (1949) has shown that the overflowed northeastward and filled Aurora 
id it® latest pumice covers late recessional moraines Valley in nearby Nevada. 
(1938). of the latest, or Tioga (Blackwelder, 1931), Pleistocene and Recent alluvium covers 
ment of | #laciation. The absence of old shore lines on many of the valleys of the Mono Basin area. 
Range | the slopes of the northern Mono Craters 
(Putnam, 1949) testifies to the recentness of Cenozoic Structures 
slopes of | these eruptions. 
(Pl. 1).| Gilbert (1941) has correlated the volcanic Gilbert (1941) mapped the faults of the area 
present, | tocks of the Mono Basin area with those in the southeast of Mono Lake (Pl. 1) and found 


reen the 
1e vents 
d prob- 





Hawthorne quadrangle of Nevada and in the 
Sweetwater Range. He concluded that the older 
volcanic rocks range from early to early- 


that, where they could be observed, they are 
normal faults with dips of 60° to 75°. The most 
common fault directions are between northeast 
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and northwest; the faults are nearly straight 
and intersect to form a mosaic (Gilbert, 1941). 
Gilbert found little evidence for a strike-slip 
component of fault movement. The faulting 
that defined the present ranges did not begin 
before middle or late Pliocene time, and it has 
continued to the present. As Gilbert (1941) 
has shown, volcanic rocks of these ages were 
erupted over a surface of low relief and dis- 
placed later by faulting. Most of the Basin and 
Range faulting was completed before the 
Bishop tuff of Gilbert (1938) was erupted, for 
the fault scarps in the Bishop tuff indicate 
relatively small displacements. 

Putnam (1949) concluded that movement 
on many of the faults has been recurrent. 
Older moraines are offset more than recent 
ones. Putnam found that moraines of the 
Sherwin stage might be offset about 100 feet 
and those-in nearby areas of the Tahoe stage 
about 20 feet. Moraines of the Tioga stage 
may not be displaced at all. Putnam (1949, 
p. 1294) concluded that “Much of the dis- 
placement along the Sierran front occurred 
before the Sherwin glacial stage”; this is in 
agreement with Gilbert’s (1938) conclusion 
cited previously. Putnam also expressed doubt 
that there is a single, large-scale fault along 
the Sierra Nevada; he found evidence of faults 
of different directions and evidence that fault 
movement may be distributed through a 
zone of closely spaced faults. Dips of the 
exposed faults, according to Putnam (1949), 
range from vertical to 70°. 

Russell (1889) had noted that the Mono 
Lake basin must be downfaulted and tilted 
downward to the west because the lake washes 
the base of the Sierra. Russell (1889) con- 
cluded that Mono Craters lie along fractures 
that are part of the Sierra Nevada displace- 
ment, a conclusion essentially confirmed by 
Mayo, Conant, and Chelikowsky (1936) and 
Putnam (1949). 


Volcanism and Faulting 


Russell (1889, p. 391) first noted a possible 
relationship between volcanism and faulting in 
Mono Basin. He wrote: ‘‘The relations of Lake 
Mono to the Sierra Nevada fault and to the 
volcanoes of the region are such that a move- 
ment of the fault might admit the waters of 
the lake to the heated rocks beneath the surface 
and thus bring on an eruption. .. .”” However, 
as Howel Williams (Written communication) 
has pointed out, no products of phreatic 
eruptions have been noted, so this mechanism 
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must be discounted. Williams (1941, p. 323) 
in discussing the volcano-tectonic depressions 
of the Pilomasin Basin of Sumatra, noted 
briefly that possibly “... the basin containing 
Mono Lake is of similar origin, being related 
to the repeated eruptions of pumice from the 
Mono Craters immediately to the south.” 
Long Valley is similar in many respects tp | 
Mono Basin; Gilbert (1938, p. 1860) wrote 





that perhaps the “.. . recent faulting in Long | ' 


Valley is the result of the extrusion of so much | 
magma from beneath that area....” Chel | 
kowsky (1940, p. 435) remarked: “‘It is believed | 
that the early expulsion of the great volume of | 
basic lavas, together with the material of the | 
welded tuffs, which are disposed on three sides | 
of the basin, led to the collapse of what is now 
Mammoth embayment”. 

Some volcano-tectonic mechanism is indi- 
cated for Mono Basin, and this problem wil 
be briefly explored after presentation and 
interpretation of the geophysical data. 


GEOPHYSICAL SURVEY 
General Statement 


Previous gravity studies in the Sierra 
Nevada by H. W. Oliver (Written communi- 
cation) and by two of the present authors 
(Pakiser and Kane) in the area surrounding 
Long Valley showed a steep gravity gradient 
associated with the faulting along the Sierra 
Nevada front in Mono Basin. These gravity 





data suggested that Mono Basin subsided 
relative to the Sierra to the west and the 
Basin Ranges to the east and received a thick 


accumulation of light clastic and _ volcanic | 


deposits of Cenozoic age. A large gravity 
minimum anomaly, with a residual gravity 
relief of about 75 mgals, was found by a de. 
tailed study of Long Valley, and it was postu- 
lated that a similar anomaly might be found 
by a gravity survey in Mono Basin. 

At the suggestion of Press, the combined 
gravity and seismic study of Mono Basin was 
done in June and July of 1957 as a co-operative 
effort of the Seismological Laboratory of the 
California Institute of Technology and the 
U. S. Geological Survey. The California 
Institute of Technology obtained most of the 
seismic data, and the U. S. Geological Survey 
obtained the gravity data. The U. S. Geological 
Survey obtained the aeromagnetic data during 
the summer of 1956 as a reconnaissance ex 
tension of more detailed work done at the same 
time in Long Valley and northern Owens Valley. 
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GEOPHYSICAL SURVEY 


Gravity Field Methods and Computations 


About 100 gravity stations were established 
in the Mono Basin area. Most of the readings 
were made in July 1957, but a few stations 
previously established by H. W. Oliver and by 
Pakiser and Kane have been incorporated in 
Plate 1. The stations along seismic profile 1 and 
at Cowtrack Mountain were established during 
short field trips after the main field program was 
completed to provide additional control in 
critical areas. A Worden gravity meter, with 
ascale value of about 0.5 mgal per dial division, 
was used for the readings. All gravity measure- 
ments were made with respect to a base 
station on U. S. Highway 395 just west of 
Mono Craters, which in turn had been earlier 
tied, through a network of base stations in 
Owens Valley, to the U. S. Coast and Geo- 
detic Survey pendulum station at In- 
dependence, California (Duerksen, 1949, p. 
180). The principal facts for this base station, 
an auxiliary base established at the Mono Lake 
Post Office, and the gravity measurements and 
corrections for all stations are on file at the 
U. S. Geological Survey, Denver, Colorado. 

Gravity measurements were made in single 
loops from a base station, and base readings 
were repeated at intervals of 4 or 5 hours 
(except for a longer interval for the traverse 
on Paoha Island) to determine the combined 
instrument drift and tidal variation. Each 
series of station measurements between base 
readings included a measurement at a station 
that had been read previously, either during 
the July 1957 field work or the earlier work in 
the Long Valley area. No repeated station 
reading differed from the earlier reading by 


| more than 0.3 mgal. 


Two-thirds of the stations were set at bench 
marks of the U. S. Geological Survey, the U. S. 
Coast and Geodetic Survey, and the U. S. 
Army Corps of Engineers. Most of the re- 
mainder were set along the Mono Lake shore 
line, for which an altitude of 6403 feet had 
just been established by a topographic party of 
the U. S. Geological Survey. Station-elevation 
differences from the level of the lake were 
estimated, but none are considered to be in 
error by more than 5 feet. Elevations of a few 
gravity stations were established by plane- 
table and alidade surveying and by altimetric 
methods. Some of these may be in error by as 
much as 10 feet. Station positions as located 
on topographic maps conceivably may be in 
error by as much as 500 feet of horizontal 
distance. 
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The errors in gravity caused by inaccuracies 
in gravity readings and station positions are 
considered to be less than 0.5 mgal for prac- 
tically all the stations; the error almost certainly 
does not exceed 1 mgal for any gravity station. 
When the magnitude of the anomalies and 
uncertainties in terrain corrections and density 
assumptions are considered, errors of 1 mgal or 
less are negligible. 

The gravity measurements have been 
reduced for drift, elevation, and latitude using 
standard methods (Nettleton, 1940, p. 51-56). 
An elevation factor of 0.060 mgal/foot, cor- 
responding closely to a rock density of 2.67 
gms/cm*, was used to make the elevation 
corrections. This is the average density of the 
pre-Tertiary rocks of the area in which the 
greatest range in elevation is found. Terrain 
corrections were made using the Bullard 
modification of the Hayford-Bowie system 
(Swick, 1942, p. 67-68). The terrain corrections 
were extended through zone “O” of this 
system, or about 100 miles from each station. 
Gravity values were reduced to the complete 
Bouguer anomaly with respect to the Inter- 
national Ellipsoid; 1000 mgals has been added 
to the gravity values as they appear on Plate 1 
so that all gravity contours are positive. 

Combined errors of 2 or 3 mgals may have 
been introduced in the elevation and terrain 
corrections, but relative errors from these 
sources for adjacent stations should not exceed 
1 mgal. The negative effect on gravity measured 
on land of the water in Mono Lake is negligible. 


Seismic Field Methods and Reduction 
of Data 


Seismic field operations were organized to 
permit a rapid reconnaissance of the un- 
conformity surface between the Cenozoic 
deposits and the pre-Tertiary crystalline 
basement in part of Mono Basin. Major 
velocity discontinuities in the Cenozoic section 
were also investigated. A method of line- 
refraction surveying was used in which partly 
reversed profiles are obtained by shooting in 
one direction (Dix, 1952, p. 263). 

Unfortunately it was impossible with the 
recording and communications facilities and 
time available to obtain seismic data in the 
area covered by Mono Lake. Extremely 
difficult conditions for vehicle operations along 
and near the shore of Mono Lake made it 
impracticable to obtain detailed seismic data 
there. However, a combination of seismic and 
gravity data in the area around the lake 
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permits extrapolation with some confidence 
into the central part of the basin where the 
gravity field is approximately known. 

It is worthwhile to repeat the assumptions 
underlying the method of interpretation 
(Ewing, Woollard, and Vine, 1949, p. 262-267) 
because the accuracy of the results is limited 
by the extent to which these assumptions 
approximate actual conditions: (1) each layer 
is bounded at top and bottom by planes and 
transmits seismic waves with constant ve- 
locity; (2) at an interface between two layers, 
the path of a wave is determined by Snell’s 
law; (3) the apparent velocity of a wave is 
V/sin @& for travel along the upper surface of a 
layer, where V is the velocity in the layer 
above and a the angle of incidence on the 
surface; (4) travel time is unchanged if shot 
point and recording position are interchanged. 

The first assumption is most likely to be 
violated. If the surfaces are not planes the 
solution yields apparent plane surfaces and 
mean velocities which approximate actual 
conditions with accuracy usually sufficient for 
reconnaissance purposes. When data are 
insufficient for a reversed profile, either zero 
dip or a true velocity typical of the layer is 
assumed. In profile 5 (fig. 9), evidence was 
found for a change in dip of the basement 
surface. To obtain an approximate adjustment 
of the data, a fictitious station (Ewing et al., 
1950, p. 880) was inserted to obtain two 
profiles; the velocities and dips of layers in each 
case were taken as constant. 


Aeromagnetic Profiles 


Four aeromagnetic traverses were flown at a 
constant barometric altitude of 14,000 feet 
above sea level along the lines shown in Plate 1. 
The magnetic profiles were plotted on an 
arbitrary magnetic datum and corrected for a 
latitude variation of 10 gammas per mile, 
increasing to the north. 


PHYSICAL PROPERTIES 
General Statement 


The pre-Tertiary rocks have, in general, 
significantly greater density and _ seismic 


velocity than the Cenozoic deposits. Therefore, 
the combined erosional and structural boundary 
that separates the Cenozoic deposits from the 
pre-Tertiary rocks can be rather reliably 
defined by a combination of gravity and 
seismic measurements. In addition, there are 
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seismic-velocity interfaces of possible geologic 
significance within the Cenozoic deposits, and 
some of these can be defined by seismic-re. 








fraction or seismic-reflection recordings, 0} 
the Cenozoic volcanic rocks, the basalts are | 
significantly higher in magnetic susceptibility | 
so their distribution can be studied by measure. | 
ments of the magnetic field. 


_ Density 


Densities of the pre-Tertiary plutonic and | 
metamorphic rocks in the Mono Basin are | 
are known with considerable accuracy. Al- | 
though no measurements of density were made | 


within Mono Basin proper, the senior author | 


collected a number of samples in the nearby | 
Long Valley area, and William Huff of the U. 
S. Geological Survey made measurements of 
density. 

Measured densities of dry samples of the 
plutonic rocks range from a minimum of 2.42 
to a maximum of 2.69 gms/cm’; the average 
density of these samples is 2.60 gms/cm’, 
Measured densities of dry samples of meta- 
morphic rocks range from 2.63 to 2.94 gms/ 
cm’, and the average density is 2.78 gms/cm', 
A representative density of 2.7 gms/cm! is 
assigned to water-saturated pre-Tertiary rocks 
for purposes of interpretation, but it is recog- 
nized that the average density contrast of 
about 0.2 gm/cm* between the plutonic and 
metamorphic rocks may have some influence 





on the measured gravity field. However, it is 


known from gravity work in Long Valley, 

where alternating bands of granitic and meta- | 
morphic rocks project into the steep gravity | 
gradient on the south side of the valley, that | 
gravity anomalies caused by density contrasts | 


within the pre-Tertiary rocks are much smaller 
than the great gravity anomalies caused by 
thick accumulations of Cenozoic deposits. The 
effect is to supcrimpose on anomalies of several 
tens of mgals much smaller anomalies of a few 
mgals. 

It is exceedingly difficult to determine a 
reliable average density for the Cenozoic 
deposits because of their extreme heterogeneity: 
densities of samples collected at the surface 
can be misleading. Samples of Cenozoic rocks 
collected in the Long Valley area (excluding 
basalts) range in density from a minimum of 
1.36 for the Bishop tuff of Gilbert (1938) toa 
maximum of 2.37 gms/cm* for coarse lake 
beds. Gilbert (1938) found that the Bishop 
tuff ranges uniformly in density from 1. 
gms/cm* at the surface to 2.32 gms/cm* at 4 
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€ geologic 


: parison of depths from seismic and gravity data 
sits, and 


the range in density contrast is narrowed to 


vertical distance of about 400 feet below the 
top of the tuff. 

































































prom, The deposits of Cenozoic age that fill Mono about —0.5 to —0.3 gm/cm’%, corresponding to 
cat bs Basin include alluvial deposits, lake beds, a range in depth of about 80 per cent to 130 
ceptibility 
; measure. TABLE 1.—VELOCITIES AND THICKNESSES OF LAYER 

Profile Vi V2 V3 Ve iz | Aiw| Hez | Hew | Azz | Asw | Ate | Hiw 

| 46 1760 8600* ed alas dat Aa: Sakai 

tonic and | 1Ws | (1760) 7800 | 16,700 | 135 | 335 3840 | 2170 | 3975 | 2505 
pepe Ae (1100) 8200* | 15,000*| ..| 85 .. | 1615] .. | 1700 
racy. AL} 1100 | .. |10,800*| 16,400* | 110 * 715] .. | 825 
vere made | 4 1850 | 5600* |10,500* | 17,750*| 125| ..| 760| .. | 1430] .. | 2315] .. 
or author} ssw | 1100 | 6200*| 8300 | (17,000) | 45| 45 | 2190 | 1095 | 2355 | 1740 | 4590 | 2880 
re nearby | srs | (1100) | (6200)*| 8800 | (17,000) | 45| 45 | 2410 | 2190 | 3075 | 2050 | 5530 | 4285 
of theU. | ¢ 1600 ..  |10,400 | 16,400 | 145 | 325 3255 | 1750 | 3400 | 2075 
ments of 

V is true velocity in ft./sec.; H is layer thickness in feet; subscripts 1, 2, 3, and B refer to weathered 
es of the layer, lower-velocity Cenozoic layer, higher-velocity Cenozoic layer, and crystalline basement respectively; 
m of 2.42 Eand W subscripts signify East or West end of profile; ¢ subscript indicates total thickness; (_ ) indicates 





cael assumed velocity; * indicates unreversed profile; +: West end of profile taken at SP5 for thickness calcula- 
gms/cm’,} 4 
of meta- se 
] 
94 gms ! glacial till, and a wide assortment of volcanic per cent. In spite of the wide range of possible 
gms/ ry deposits, and these deposits range in density depths, the configuration of the Mono Basin 
as/cm I | from less than 1 gm/cm* for pumice to at least structure as determined from the gravity data 
ay rocks 2.73 gms/cm* for basalt. is changed little when the density assumptions 
past An average density of 2.3 gms/cm*is assigned are changed. 
ars: of to the Cenozoic deposits for purposes of 
aa and interpretation. This average density yields Seismic Velocity 
infuse depths that are consistent with those 
hig Z § | determined from seismic-refraction results in Seismic-refraction surveys reveal the vari- 
Bis: Ys Mono Basin and Owens Valley and agrees ation of compressional wave velocity with 
nd me | closely with the average density determined by depth. It is difficult to obtain uniquely, without 
) gravity | 4 combination of gravity and seismic methods auxiliary information, the material distri- 
ley, that | by the Shell Gil Company in Railroad Valley, bution with depth because of the wide range of 
contrasts | Nevada (R. J. Bean, written communication). velocities reported for specific materials and 
h small | However, the fill of Railroad Valley is some- the frequent overlapping of velocity ranges for 
aused by what different from that of Mono Basin. D. R. different materials. 
ane his Mabey of the U. S. Geological Survey (Written Table 1 summarizes the velocities and 
af ra communication) has determined a similar depths of layers at each profile. The boundary 
of a few average density after extensive sampling of the between the Cenozoic section and the pre- 

, deposits of Cenozoic age in the Mojave Desert ‘Tertiary granitic and metamorphic rocks marks 
rmin€ 4} and Death Valley regions of California. a profound velocity discontinuity, one which 
Cenoaort In the interpretation of the gravity data, can be followed with some reliability from 
ogeneity: therefore, an average density contrast between shallow depths near outcrops of pre-Tertiary 
> surtace the Cenozoic deposits and the pre-Tertiary rocks to great depths in the basin. Basement 
mi rocks rocks of —0.4 gm/cm* was assumed. It is velocities range from 15,000 to 17,750 fps, 
ee acknowledged that the density contrast may values which are proper for the rocks which 
38) Ba be as much as —0.7 and as little as —0.3 make up the pre-Tertiary terrain. 

gm/cm* and that density may increase with The identification of rocks in the Cenozoic 

~~ , depth as a result of compaction and more _ section with observed velocities poses a greater 
Bis a complete induration, so depths may range from difficulty. From the known geology of the 
~~ “ | about 60 per cent to 130 per cent of those region, it is probable that the basin deposits 
cm’ ab computed from the gravity data. With com- re primarily stream-transported sediments of 
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granitic and volcanic origin interbedded with 
volcanic material. Three major velocity types 
were found. The unconsolidated, unsaturated 
surface sediments have velocities typical for 
this material, 1100 to 1850 fps. The layer with 
velocity 5500 to 6200 fps is not everywhere 
present and may represent water-saturated, 
unconsolidated or semiconsolidated clastic and 
pyroclastic deposits. The velocity range 7800 
to 10,800 fps may correlate with more con- 
solidated and older versions of this material, 
or, in the higher part of this range, with flow 
rocks. 


Magnetic Properties 


W. Huff has measured the magnetic 
properties of a number of samples of pre- 
Tertiary plutonic rocks and Cenozoic volcanic 
rocks from the Long Valley area. Of these 
samples only plutonic rocks of dioritic com- 
position and basalts are significantly high in 
magnetic susceptibility. 

Plutonic rocks of dioritic composition have a 
measured magnetic susceptibility of about 
0.003 cgs unit. The more silicic plutonic rocks 
average about 0.0004 c;'s unit in susceptibility. 
The basalts range in susceptibility from 0.001 
to 0.0037 cgs unit and have an average mag- 
netic susceptibility of about 0.002 cgs unit. 
The volcanic rocks ranging from intermediate 
composition to rhyolite (including the Bishop 
tuff) have an average magnetic susceptibility 
of about 0.0002 cgs unit, and none differs 
significantly from this average. Some oriented 
samples of basalt collected from the surface 
exhibit magnetic moment vectors that differ 
significantly from the present direction of the 
earth’s magnetic field. 


ANALYSIS OF DATA 
Analysis of Gravity Data 


In this study, the analysis of the gravity 
data was made in the following order: 

A qualitative study was made of the gravity- 
contour map (PI. 1) to reach general conclusions 
on the nature of the subsurface configuration 
of the pre-Tertiary rocks. The gravity field 
shown by the gravity-contour map is assumed 
to be a true representation of the gravity field 
on the surface of the ground, corrected for 
elevation, latitude, and terrain effects. This 
assumption is believed to be correct over most 
of the area, but where significant local elevation 
differences occur in materials whose density 
differs from that assumed for the elevation 
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corrections, the relative gravity may be) Tertia 
slightly different from that shown on the map,| so ther 
Selected gravity profiles were analyzed by| jp mo 
measuring the solid angle subtended from a, rocks. 
position on the surface of the ground by each} (2) | 
of a sequence of horizontal slabs of low-density | are fo 
Cenozoic material that could then be assembled! Cenoz 
to represent the configuration of the Cenozoic (3) ' 
and pre-Tertiary interface in Mono Basin. The | negati 
gravity anomaly: at any location was calcu | (50 mj 
lated by multiplying the total solid angle} and th 
subtended by all the slabs at that location by | about 
a constant factor that depends on the assumed | noted | 
density contrast and the thickness of each slab,| (4) 
A slab thickness of 4000 feet was used, and the } availal 
density contrast between the Cenozoic deposits | jstence 
and the pre-Tertiary rocks was assumed to be | jn area 
—0.4 gm/cm*. A solid-angle chart designed by| Nev 
A. H. Lachenbruch of the U. S. Geological | anoma 
Survey for geothermal studies was used to} contra: 
make the measurements of solid angle. The 
Basin. 
in the 
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Gravity-Contour Map 


Inspection of Plate 1 shows that the gravity 
field tends to be high over exposures of pre- 
Tertiary rocks and relatively low over areas 
where Cenozoic deposits are found at the 
surface. This correspondence of high gravity 
over rocks of high density and low gravity over 
deposits of low density suggests the con- 
figuration of the surface of the pre-Tertiary 
rocks. The amplitude of negative departure of 
the gravity field from the higher values over 
exposures of pre-Tertiary rocks is related to} sq w 
the thickoess of the Cenozoic deposits, but the} yong 
form of the gravity contours does not if} cant jy 
general correspond to the actual configuration | j. sj 
of the Cenozoic and pre-Tertiary boundary. | pace. 
(See, e.g., Fig. 2 and 3.) 

Bott (1953) has noted that negative gravity 
anomalies are common over intrusive masses of 
silicic rock, and this explanation of the gravity 
minima of the Mono Basin area must he 
considered. Bott attributes such negative 
anomalies to the density contrast between 
granite and more dense metamorphic or 
sedimentary country rock. Residual anomalies 
as large as —40 mgals were noted by Bott, 
but most were much smaller: 8 mgals per mile 
was the maximum gradient noted (Bott and 
Masson-Smith, 1953), but most were about 3 
mgals per mile. This explanation for the large 
gravity low of Mono Basin and the smaller 
gravity minima is considered to be unlikely 
for the following reasons: 

(1) Granitic rocks predominate in the pre 
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Tertiary outcrops in and around Mono Basin, 
so there can be no large mass of granite enclosed 
in more dense metamorphic or sedimentary 


| rocks 


(2) Gravity minima in the Mono Basin area 
are found only in areas where deposits of 





| Cenozoic age crop out. 

(3) The residual gravity relief of the largest 
negative anomaly in the Mono Basin area 
(90 mgals) is larger than any noted by Bott, 

| and the largest gradient (15 mgals per mile) is 


| about twice as large as the largest gradient 


| noted by Bott. 
(4) Where confirmatory seismic data are 
available, they invariably establish the ex- 
; istence of thick deposits of low seismic velocity 
| inareas of low gravity. 

Nevertheless, a small fraction of the largest 
anomaly may be the expression of density 
contrasts within the pre-Tertiary rocks.* 

The maximum gravity relief in the Mono 
Basin area is about 50 mgals between the high 
in the northern end of the Benton Range and 
the low at Paoha Island. The gravity field 
tends to be nearly constant over exposures of 
pre-Tertiary rocks, so no regional gradient can 
be defined. Gravity anomalies were analyzed 
on the assumption that the regional gradient 
is zero. The lack of a pronounced regional 
gradient seems to indicate that Mono Basin is 
at or near the thickest part of the earth’s 
sialic crust, for the regional gravity is known 
fom data in nearby areas (Oliver, 1956; 
Pakiser and Kane, 1956) to increase eastward 
and westward from a low axis trending toward 





| Mono Basin. This observation may be signifi- 
| cant in terms of the isostatic compensation of 
| the Sierra Nevada and other high mountain 

masses of the region (Press, 1956; Oliver, 1956; 
| Thompson and Sandberg, 1958). 

The dominant feature of the gravity map is 
the large gravity low roughly covering the area 
of Mono Lake; the lowest gravity values were 
found along the shore of Paoha Island. Because 
the water-covered area of the lake was in- 
accessible for gravity observations, the form 


* Izumi Yokoyama (Gravity survey on Kuttyaro 
Caldera Lake: Jour. Physics of the Earth, v. 6, p. 
78-79, 1958) found a gravity low of amplitude —46 
mgals on Lake Kuttyaro, Hokkaido, Japan. Lake 
Kuttyaro lies in the western half of a large circular 
caldera. The gravity anomaly found by Yokoyama 
§ very similar in form and size to the largest nega- 
tive anomaly in the Mono Basin area. Yokoyama 
interpreted the Lake Kuttyaro anomaly as the 
ftavity expression of a layer of coarse pumice that 
thickens to about 4 km toward the center of caldera. 
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of this anomaly was not fully defined. The 
steep gravity gradients on the northwest and 
southwest sides of the anomaly are rather well 
controlled by gravity observations, but to the 
south and east the form of the anomaly is not 
completely known. Possibly lower values of 
gravity would be found east of Paoha Island 
in Mono Lake if measurements could be made 
there. 

The measured amplitude of the large gravity 
low is about 50 mgals. From a simple computa- 
tion, using the formula for the gravity at- 
traction of an infinite horizontal sheet and an 
assumed density contrast of —0.4 gm/cm’, it 
may be concluded that the minimum thickness 
of the Cenozoic deposits under Mono Lake is 
10,000 feet. From the steepness of the gravity 
gradients on the northwest and southwest 
sides of this anomaly, and from the straight- 
ness of the contours, it can be concluded 
that the Cenozoic and pre-Tertiary interface is 
either vertical or dips steeply toward the center 
of Mono Lake along these linear zones of 
closely spaced gravity contours. The steepest 
gradients do not lie along the Sierra Nevada 
front on the southwest and the escarpment of 
the basalt-capped mountains on the northwest; 
they are toward the center of the basin. Al- 
though the form of the anomaly on the south 
and east is not well defined, it may be concluded 
that the deepest part of Mono Basin is approxi- 
mately a depression of triangular shape in plan, 
filled with more than 10,000 + 3000 feet of 
low-density deposits of Cenozoic age, around 
which the Cenozoic and pre-Tertiary interface 
dips steeply on all sides. 

The northernmost part of Mono Craters 
lies on the southern apex of this triangle. A 
subdued gravity low is inferred to trend south 
from this apex along Mono Craters, but no 
gravity observations were made near the axis 
of this low; therefore, it is poorly defined. 
Putnam (1949) has prepared a geologic cross 
section of a tunnel that crosses Mono Craters. 
This cross section shows a marked thickening 
of the Bishop tuff and other light Cenozoic 
deposits above dense pre-Tertiary metamorphic 
rocks under Mono Craters. The gravity low 
probably results from this thickening of 
lighter deposits. 

The broad area of relatively low gravity 
northeast of Mono Lake probably represents a 
shallower northeastward extension of the 
deepest part of Mono Basin. In this area 
computation of the thickness of an infinite 
sheet with a gravity anomaly equal to the 
amplitude of the measured gravity low indicates 
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Ficure 2.—INTERPRETATION OF GRAVITY ANOMALY ALONG PROFILE A-A’ 


that the pre-Tertiary 


several thousand feet of Cenozoic deposits. 
The seismic-refraction results confirm this 


qualitative conclusion. 





rocks lie buried under 
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have received 
stream-transported sediments during Cenozoic 
time are marked by gravity minimum anomalies 
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Black Mountain and the Benton Range, PI. 1). 
Only a few gravity observations were made in 


| Adobe Valley, but a gravity minimum anomaly 
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Long Valley very similar to Mono Basin is 
present. 
Two roughly circular high-gravity anomalies 
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FicuRE 3.—INTERPRETATION OF GRAVITY ANOMALY ALONG PROFILE B-B’ 


with an amplitude of about 10 mgals was 
tevealed there. Therefore, the deposits of 
Cenozoic age in Adobe Valley must be at least 
2000 feet thick and may be about twice that 
thick. South of Bald Mountain the gravity 
field drops off sharply toward Long Valley. 
Earlier measurements (Pakiser and Kane, 
1956) showed that the amplitude of the gravity 
minimum anomaly in Long Valley is about 75 
mgals; this indicates that a structural basin in 





lie along the contact of the pumice ejecta and 
the Bishop tuff south and east of Mono Craters. 
These anomalies may express dense volcanic 
necks that were sources for the basalt flows of 
this area. The aeromagnetic profiles seemingly 
confirm this interpretation. 

In the detailed interpretation that follows 
only the Mono Basin anomaly and its extension 
to the northeast will be considered. 











Gravity Profiles 


Two gravity profiles were analyzed in detail 
(Figs. 2 and 3). It was assumed, for purposes 
of computation, that Mono Basin is a structural 
depression with the roughly triangular hori- 
zontal outline and dimensions shown on Figures 
2 and 3, bounded around its entire perimeter 
by vertical faults along which the Cenozoic 
deposits and pre-Tertiary rocks are in fault 
contact. The depth to the upper edge of the 
bounding vertical faults was taken to be 2000 
feet, as determined from seismic data, and the 
total depth to the pre-Tertiary floor buried 
beneath Mono Lake was assumed to be 18,000 
feet, or roughly 5.5 km (Fig. 2). Thus the 
effect of the entire structure on gravity along 
these profiles was examined. 

Along profile A-A’ (Fig. 2) the total gravity 
relief is about 50 mgals, and the steepest 
gravity gradient, only approximately deter- 
mined because of the lack of gravity observa- 
tions between Paoha Island and the north- 
western shore of Mono Lake, is about 15 mgals 
per mile. The point-for-point correspondence 
between the gravity profile as taken from the 
gravity-contour map and that computed 
from the assumed configuration is excellent, 
except along that part of the profile southeast 
of Paoha Island where no gravity observations 
were made. If the density contrast is near that 
assumed, therefore, the bounding fault zone of 
Mono Basin along profile A-A’ must be vertical 
or within a few degrees of vertical. A density 
contrast significantly greater than that assumed 
would permit interpretation of the subsurface 
cause of the gravity anomaly as a steeply 
dipping normal fault. The thickness of the 
Cenozoic deposits would be correspondingly 
less. A significantly smaller density contrast 
would require an even greater thickness of 
Cenozoic deposits. 

Along profile B-B’ (Fig. 3) the total gravity 
relief is also about 50 mgals, and the steepest 
gravity gradient is about 13 mgals per mile. 
Exactly the same configuration as that assumed 
for profile A-A’ yields equally excellent agree- 
ment between the gravity profile as taken from 
the gravity-contour map and the computed 
gravity profile. The steep gradient is better 
defined by gravity stations along profile B-B’ 
than along profile A-A’. The fault zone is thus 
seen to be probably vertical on both the north- 
west and southwest boundaries of Mono Basin. 
The basin has probably subsided an equal 
vertical distance along both of these bounding 
fault zones. The bounding fault zone of Mono 
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Basin is more than a mile northeast of the 
frontal fault of the Sierra Nevada (Fig. 3; Pl. 1), 
The bounding fault zone is about 3 mile 
southeast of the escarpment of the basalt. | 
capped mountains northwest of Mono Basip | 
(Fig: 2; Pi. 4). 

No attempt was made to interpret in detail | 
gravity profile C-C’ along seismic profile { 
(Fig. 4); it is not considered that the gravity 
values define fully the anomaly along this 
profile. However, if the total gravity relief can 
be taken as 10 mgals along seismic profile |, | 
the thickness of Cenozoic deposits is at least | 
2000 feet along this line and probably averages | 
3000 feet. Thus the agreement between the 
depth to the pre-Tertiary basement as deter- 
mined by seismic and gravity methods along 
this common line is good. This agreement 
gives confidence that the assumed density 
contrast is approximately correct and that the 
conclusions based on that assumption are valid, 





Analysis of Seismic Profiles 


Plate 1 shows the location of the refraction 
profiles. Tables 1 and 2 summarize the seismic 
results. Figures 5 to 10 show travel-time curves 
and seismic sections. Figure 11 shows seismo- 
grams. 

PROFILE 1 (FIG. 5): The shots to the northwest 
in effect yield a reversed profile. The basement 
dips upward to the northwest from a depth of 
3800 feet under the spread to 2500 feet under 
shot point 5 W. The surface layer is underlain 
by deposits with a velocity of 7800 fps. Two 
shots to the east serve only to obtain the! 
depth to this layer, indicating a slightly higher | 
velocity. | 
PROFILE 2 (FIG. 6): This profile is unreversed | 
and is interpreted on the assumption of zero dip. | 
A velocity of 1100 fps, observed at Profile 3, is 
assumed for the surface layer. The depth to 
basement is 1700 feet. 

PROFILE 3 (FIG. 7): This unreversed profile is 
interpreted on the assumption of zero dip to 
reveal basement at a depth of 800 feet. The 
small decrease in depth from Profile 2 is con- 
sistent with the gravity difference between 
these stations. 
PROFILE 4 (FIG. 8): This profile is unreversed| 
and interpreted by assuming zero dip. Below) 
the weathered layer the Cenozoic section shows 
two layers with velocities of 5600 fps and 10,500 
fps. The pre-Tertiary basement is 2300 feet 
deep. 

PROFILE 5 (FIG. 9): The marked irregularity 
in the gravity-anomaly gradient together with 
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FicuRE 4.—Comparison or GRAVITY AND Seismic Data ALONG GRAviTy PROFI 
SEISMIC PROFILE 1 
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Ficure 5.—ANALYSIS OF SEISMIC PROFILE 1 
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FIGURE 6.—ANALYSIS OF SEISMIC PROFILE 2 
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| the high apparent basement velocity indicates 
4 change in basement dip along the profile. 


An approximate adjustment was made by 
inserting a fictitious station (5’) and considering 
the two subsidiary profiles 5’-5 W. and 5’-5 E., 
in each of which there are no changes in dip 
and velocity. 

The weathered-layer velocity of 1100 fps 
observed from shot 5 was used for both profiles. 
Since reverse data for the underlying layer 





were not obtained, zero dip was assumed. The 
next layer was reversed for 5’-5 W., the two 
apparent velocities yielding a true velocity of 
8800 fps. It was necessary to assume this 
velocity and zero dip in order to extend this 
layer into profile 5’-5 E. Two apparent velocities 
were determined for the basement: 42,500 fps 
in profile 5’-5 W. and 14,500 fps from reverse 
points in profile 5’-5 E. Assuming the reasonable 
value of 17,000 fps for true basement velocity 
and requiring matched intercepts at 5’, we have 
sufficient data for a solution. In this approxi- 
mate determination, the basement deepens 
from 2900 feet at 5 W. to 4400 feet at 5’ and 
5500 feet at shot point 4. Quite possibly the 
high apparent velocity indicates a fault, in 
which case even greater basement dip is present 
than indicated in Figure 9. 
PROFILE 6 (FIG. 10): In this partly reversed 
profile a 10,400 fps layer is beneath the 
weathered layer. The basement is at a depth 
of 3400 feet under the geophone spread and 
rises to 2100 feet at the west end of the profile. 
No quantitative interpretations were made 
of Profiles 7 and 8 (Pl. 1) because available 
communications between the shot point and 
recording locations failed as a result of the 
great distances involved, so the intercept times 
for the larger depths are unknown. 
Profiles 1, 2, 3, and 6 reveal that the velocity 
in materials immediately under the surficial 








low-velocity layer characteristically ranges from 
7800 to 10,800 fps. This velocity range suggests 
that these deposits are indurated rocks; 
well-indurated lake beds or stream deposits, 
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The long seismic profiles (profiles 7 and §) | 
along the southern shore of Mono Lake (PI. 1), | 
in the deepest part of Mono Basin, reveal ; | 
layer with a velocity of about 5500 fps «. 


oe 





PROFILE 4 


o/ 

3/ 

sec = 
~ 


| 
| 
/ | 
| 





ee / | 
| wy seeks ae 1.4 sec 
or” et ‘ad 
& 
\o 








j 
| 
| 
| 
} 


Cc 
or 1,780 Soo 








EO 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 w 
Spread s°@ sr sP@ 





QA, 600 ft/sec s 





10,500 ft/sec 





ERP epee eas arora ane Peale 








OT TG tilses ete ee aaa 











FiGuRE 8.—ANALYSIS OF SEISMIC PROFILE 4 


welded tuff, or even fresh-water limestone or 
flow rocks are likely representatives of this 
velocity range. These seismic profiles, along 
which relatively high-velocity rocks of Ceno- 
zoic age lie immediately below the surface, are 
all some distance outside the bounding fault 
system of the deepest part of the structural 
basin. 

Profile 4, which extends southwestward 
immediately outside the southwestern bounding 
fault of Mono Basin, reveals a layer with a 
velocity of 5600 fps that is nearly 1000 feet 
thick, and this layer overlies a layer with a 
velocity of 10,500 fps. The near-surface layer 
probably represents relatively unconsolidated, 
water-saturated, clastic and pyroclastic de- 
posits of Pleistocene(?) and Recent ages. 
The higher-velocity layer is similar in velocity 
to the material that lies at shallow depths 
below profiles 3 and 6, and it may represent 
the same layer. Seismic profile 5, in the deepest 
part of the northeastern extension of Mono 
Basin, also reveals two layers within the de- 
posits of Cenozoic age. The maximum thickness 
of the layer of lower velocity (6200 fps) is 
nearly 2500 feet. 





tending to a depth of approximately 1600 feet, 
and below 1600 feet the velocity increases to 
about 7000 or 8000 fps. Seismic reflections) 
recorded along this line show that the Cenozoic! 
deposits in Mono Basin are layered, suggesting | 
that they were deposited largely by orderly) 
processes of sedimentation and volcanism. | 





Analysis of Aeromagnetic Profiles 


The relative total magnetic intensity 
defined only along rather widely separated 
profiles (Figs. 12-15; Pl. 1), flown at an altitude 
several thousand feet above the surface of the) 
ground. Because the profiles are so widely 
spaced and because they were not flown 
right angles to geologic trends, depth analyses 0 
the magnetic anomalies may be in error by 
25 per cent or more. The interpretive metho 
used in the report is patterned after the methods 
described in Vacquier et al. (1951). The metho 
involves measurement of the horizontal exten! 
of the steepest gradient and is based on the 
principle that for a body of given shape ant 
intensity of magnetization the steeper the 
magnetic gradients the smaller the depth al 
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V is apparent velocity in ft./sec.; T is intercept in seconds; subscripts 1, 2, 3, and B refer to weatherti 


layer, lower-velocity Cenozoic layer, higher-velocity Cenozoic layer, and crystalline basement respectively; 
E and W signify East and West end of profile; ( ) indicates assumed velocity; * indicates unreverse 


rofile; ++ average between intercept at station 5’ and shotpoint 2 
P p Pp 


burial. Some subjectivity is involved in 
measurement of the horizontal extent of the 
steepest gradient, but experience has shown 
(Isidore Zietz, oral communication) that 
different interpreters will make measurements 
that differ very little. In the present study 
three interpreters have made independent 
measurements of the horizontal extents of the 
steepest gradients that are within 10 per cent 
of each other. 

Steenland (im Vacquier et al., 1951, p. 11-15) 





has shown that for rectangular prismatif 
models with cross-sectional dimensions larg’ 
compared to the depth of burial, the horizonta} 
extents of steepest gradients are approximately 
equal to the depth; experience has shown tht 
along profiles flown over a terrain covered bys 
thin magnetic sheet, such as a lava flow, tht 
steepest 
gradients yield computed depths somewhil 
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that follows, no conclusions will be drawn 


' about the magnetic body that causes a par- 
ticular anomaly other than to determine the 
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the ground. When two measurements were 
made on the same anomaly, they were averaged 
and plotted below the flight line. 
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Ficure 11.—SAMPLE SEISMOGRAMS 


depth to its upper surface unless there is 
independent gravity or geologic support for a 
more detailed interpretation or unless the 
anomaly shows unusual characteristics. In 
general, it will be seen that the depth below the 
il altitude defines the surface of basalt 
WS, 
PROFILE 37-57 (FIG. 12): The numbers identi- 
fying the profile are the terminal identification 
points (Pl. 1). Eight measurements of the 
horizontal extents of steepest gradients were 
made (Di, Dy’, Ds ’ Ds, Ds’, Ds, Dy’, and Ds). 
These have been plotted below the flight line, 
and they define approximately the surface of 


Anomaly A coincides in position with a small, 
roughly circular gravity high (Pl. 1); the 
anomaly could be caused by a volcanic neck 
that may have been the source of the basalt 
flows in the area. 

Anomaly B has the same position as a poorly 
defined gravity high near the center of Mono 
Basin (Pl. 1). A similar gravity high, much 
better defined, was found in Long Valley 
(Pakiser and Kane, 1956) and coincides with a 
magnetic high there. Anomaly B may be caused 
by a pile of intrusive and flow rocks that were 
emplaced during the deposition of the basin 
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fill. This is suggested by the lavas on Paoha 
Island. 

Anomaly C has a very large amplitude and 

coincides in position with the edge of a basalt 
flow. It may be caused by the edge of the flow, 
but on the basis of its large relief it is concluded 
that it may be the expression of a basalt dike 
that was the source of the flow. 
PROFILE 18-33 (FIG. 13): Anomaly D is just 
east of a small, roughly circular gravity high 
(Pl. 1), so the gravity and magnetic anomalies 
are assumed to be caused by the same dense, 
magnetic feature, e.g. a volcanic neck that may 
have been the source of basalt flows. 

Anomaly E is in the area of a prominent 
gravity high (Pl. 1). Because of the great width 
of the anomaly, the horizontal dimensions of 
the body were determined from the horizontal 
separation of the midpoints of the maximum 
gradients. The position of the body is deter- 
mined from the fact that, at a magnetic 
inclination of 60°, the peak of an anomaly 
approximately marks the south edge of the 
body (See models in Vacquier ef al., 1951, 
p. 114-127). Anomaly E supports the inter- 
pretation of the poorly defined gravity high in 
the same area as being caused by a fault- 
bounded structural block that is probably 
capped by basalt. 

The depth D, is used to suggest that the 

basalt exposed to the north continues south- 
ward under the near-surface unconsolidated 
deposits. 
PROFILES 81-94 AND 67-75 (Fics. 14, 15): The 
depths determined from measurement of the 
horizontal extents of steepest gradients define 
approximately the surface of the ground. Most 
of the anomalies are over basalt, but two 
prominent anomalies that merge into each 
other are over rhyolite on the south end of 
profile 67-75. A small magnetic low is over 
Granite Mountain on the same profile. 

Rough estimates of the magnetic suscepti- 
bility of the magnetic bodies, based on assumed 
horizontal dimensions and anomaly amplitudes 
(Vacquier ef al., 1951, p. 18), suggest that the 
magnetic susceptibility of the materials of 
these bodies ranges from 0.001 to 0.003 cgs 
unit. This is higher than the susceptibility of 
any rhyolite sample from Long Valley for 
which the susceptibility was measured. The 
rock of most of the magnetic masses is probably 
basalt or mafic andesite. 
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GEOLOGIC INTERPRETATION 
Structure of Mono Basin 


Using the detailed analyses of the gravity 
and seismic profiles presented in the preceding 
sections, the generally linear zones of steep 
gravity gradients shown on the gravity. 
contour map, and the known areal geology, w 
are now in a position to describe the subsurface 
structural configuration of Mono Basin jp’ 
terms of its bounding faults and the depth of| 
its pre-Tertiary floor. Although uncertainties | 
concerning the density contrast between the| 
Cenozoic deposits and pre-Tertiary rocks 
remain, these uncertainties are not larg 
enough to affect the major conclusions that 
follow. The inherent ambiguity of the gravity | 
data, on which data these major conclusions} 
are based, has been considerably narrowed by| 
seismic information, measurements of density,| 
and comparison of the density relationships} 
in Mono Basin with those elsewhere in the! 
Great Basin. Considerations of the volume of 
Cenozoic deposits of different origin that are) 
confined in Mono Basin further support these 
major conclusions. 

Discussion of the gravity profiles indicated 
that zones of steep gravity gradient mark| 
zones of faulting along which the Cenozoic’ 
deposits have been displaced relatively down-| 
ward against pre-Tertiary rocks. The amplitude| 
of the gravity minimum anomalies over areas) 
covered by Cenozoic deposits is a guide to the 
thickness of these deposits. The magnitude of 
the steepest gradient is a guide to the dip of the 
bounding faults. Profiles A-A’, B-B’, and C-C’ 
(Figs. 2, 3, 4) and the seismic profiles (Figs. 5 
to 10) can be taken as lines along which in- 
formation on the depth and configuration of the 
Cenozoic and pre-Tertiary interface is con- 
trolled. It is relatively simple to extrapolate the 
subsurface configuration from these lines along 
zones of steep gravity gradient. Thus the 
subsurface structure of Mono Basin has been 
determined with an accuracy sufficient for 
reconnaissance purposes. 

The combined geophysical and geologic map 
of Mono Basin (Pl. 1) reveals that a large, 
roughly rectangular block of pre-Tertiary 
rocks, bounded by near-vertical or steeply 
dipping normal faults, subsided and received 4 
thick accumulation of light sediments and 
volcanic deposits of Cenozoic age. The Mon 
Basin structure as a whole conforms in general 
to the physiographic outline of the basin, but 
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the bounding faults are in general removed 
pasinward from the physiographic escarpments. 
The southwestern half of the structural basin 
has subsided about 18,000 + 5000 feet (5.5 
+ 1.5 km) to form a deep triangular block 
whose pre-Tertiary floor lies nearly 12,000 + 
5000 feet (3.5 + 1.5 km) below mean sea level. 
The northeastern half of the structural basin 
has subsided a maximum of about 6000 feet, or 
only about one-third the subsidence of the 
southwestern half, and the depth decreases 
progressively northeast of Mono Lake to a 
minimum near the California-Nevada border. 

The simple outline of the structural basin is 
interrupted by the triangular salient that 
projects into the basin northwest of Cowtrack 
Mountain, and the nature of the structure in 
that area is not clearly understood because of 
the lack of detailed geophysical information 
there. Presumably this triangular salient 
represents an area that remained relatively 
stable while Mono Basin subsided to the east 
and west of it. The high gravity field in this 
area may represent, however, at least in part, 
an accumulation of dense volcanic rocks. This is 
suggested by the aeromagnetic profile (Fig. 13) 
and the areal geology. 

The Cenozoic deposits that fill the basin are 
in fault contact with the confining pre-Ter- 
tiary rocks essentially throughout the entire 
vertical extent of these deposits. Therefore, 
the Cenozoic deposits must have been displaced 
by faulting against the pre-Tertiary rocks after 
the Cenozoic deposits were laid down. Because 
it is considered to be extremely unlikely that 
the entire section of Cenozoic deposits (18,000 
+ 5000 feet) accumulated before faulting, it is 
concluded that deposition of the Cenozoic 
section and fault displacement were essentially 
simultaneous. Fault movement may have been 
continuous or repeatedly rejuvenated while 
streams were carrying clastic debris eroded 
fm the surrounding mountains into Mono 
Basin and volcanoes were ejecting immense 
volumes of pyroclastic material, and probably 
sme lavas, over the Mono Basin area. These 
newly deposited beds must have subsided into 
Mono Basin along faults soon after they were 
laid down. 

As has been noted, Mono Craters lie in part 
dlong the southwestern bounding fault of 
Mono Basin and, from the southernmost apex 
of the Mono Basin structure they continue 
southward in a nearly straight line into the 
western part of Long Valley (Putnam, 1938; 


Mayo, Conant, and Chelikowsky, 1936), 
presumably along a south-trending fault. Thus 
the extrusion of the rhyolitic obsidian and 
pyroclastic ejecta from Mono Craters was 
probably governed by a zone of weakness 
created by the intersection of three faults, two 
of which are a part of the major system of 
faults that bounds Mono Basin. The exposure 
of basalt on the Mono Lake shore line northwest 
of Paoha Island is terminated by the fault that 
bounds the structural basin on the northwest. 
Indeed, Mono Basin is everywhere surrounded 
by rocks of volcanic origin except on the ex- 
treme west where the Sierra Nevada rises 
high above Mono Lake. Thus an intimate 
association between Mono Basin and Cenozoic 
volcanism is suggested. 

As can be seen from profile A-A” (Fig. 16), 
the vertical extent of the Mono Basin structure 
is a very large fraction (about one-third) of its 
width, and in plan the deepest triangle of the 
structural basin is essentially equidimensional. 
Mono Basin is approximately twice as deep as 
the deepest basins of known depth in the 
remainder of the Basin and Range province, 
with the single exception of Long Valley, 
immediately to the south, which is strikingly 
similar to Mono Basin and is presumed to be of 
similar origin. The vertical dimensions of the 
bounding faults of Long Valley from the 
gravity results there (Pakiser and Kane, 1956) 
are almost identical to those of Mono Basin 
(Fig. 17). Most basins in the Great Basin region 
are elongated in plan. Owens Valley, Death 
Valley, and Panamint Valley are typical. The 
fact that Mono Basin subsided along faults 
that do not form a common boundary with the 
surrounding mountain masses is also signifi- 
cantly different from the usual relationship. 


Nature of Cenozoic Deposits in Mono Basin 


Some idea of the nature of the deposits of 
Cenozoic age that fill Mono Basin can be 
gained from a study of the exposed, upper 
surface of these deposits. Because this surface 
is not a plane surface, but ranges in altitude 
from a bout 6400 feet at the shore of Mono Lak 
to 8000 feet or more in the mountain slopes, at 
least some information in three dimensions is 
revealed by geologic mapping. The surface 
geologic evidence has already been discussed 
and has been described in more detail by 
Russell (1889), Gilbert (1941), and Putnam 
(1949; 1950). Geologic mapping indicates that 
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Ficure 17.—INTERPRETATION OF Gravity ANOMALY ALONG ProFILE D-D’ 1n LonG VALLEY 


Mono Basin probably contains predominantly divided into two units on the basis of seismic 
stream-transported sediments and material of velocity: a shallow layer of relatively low 
volcanic origin and of low average density. velocity that may represent essentially un- 

In general, the deposits of Cenozoic age are consolidated clastic and pyroclastic deposits of 








444 


Pleistocene(?) and Recent ages, and a deeper 
layer of higher velocity that may represent 
rather well-indurated sedimentary and volcanic 
rocks of late Tertiary(?) and perhaps early 
Pleistocene(?) ages. The older, higher-velocity 
rocks may have subsided as much as 2500 feet 
along faults in the deeper parts of Mono Basin. 
They lie at shallow depths where pre-Tertiary 
rocks are found at relatively shallow depths. 

Aeromagnetic profile 37-57 (Fig. 12) shows 
that a large volume of volcanic material lies 
near the surface at the center of Mono Basin. 
This volcanic material is rather high in sus- 
ceptibility and must, therefore, be considerably 
more mafic than rhyolite; it is probably a 
mafic andesite or a basalt. Its exact configura- 
tion cannot be determined from the single 
magnetic profile, but it probably includes both 
intrusive and extrusive volcanic rocks. 

Interpretation of the gravity data, together 
with the measured and inferred densities and 
seismic depths, reveals only that the probable 
average density of the deposits of Cenozoic age 
is 2.3 gms/cm*, This density would represent a 
good average density for a mixture of lake beds, 
stream deposits, and a variety of pyroclastic 
material and lava flows. 


Balance Sheet of Rock Volumes 


Practically all the deposits of Cenozoic age 
in Mono Basin are confined in the deep struc- 
tural basin that covers roughly the area of 
Mono Lake. The total volume of the Mono 
Basin structure is probably 300 + 100 cubic 
miles. 

If we assume that the frontal fault of the 
Sierra Nevada is vertical and that, before 
stream erosion began to tear down the rocks of 
the range, the old erosion surface on top of the 
Sierra extended horizontally eastward to meet 
the frontal fault, we may calculate the upper 
limit of the volume of rock material that was 
removed by erosion from the Sierra, transported 
eastward by streams, and laid down in Mono 
Basin as stream deposits and lake beds. This 
maximum amount of rock material removed 
from the Sierra is about 135 cubic miles as 
taken from the present surface shown on 
topographic maps. The lower limit of material 
removed, assuming that virtually no erosion 
has taken place since the uplift of the Sierra, 
is zero. 

The Sierra Nevada is not bounded by a 
single, vertical fault (Putnam, 1949), and it 
seems reasonable to assume that warping may 
have accounted for some of the deformation in 
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the mountain block. Therefore, the probable | 
amount of predominantly granitic rock material 
removed from the Sierra and carried into! 
Mono Basin is assumed to be about 75 cubic | 
miles. 

The maximum amount of basalt removed | 
from the hills north and east of Mono Lake | 
would be about 25 cubic miles, the minimum 
zero, and the probable amount about 10 cubic | 
miles. A maximum of 10 cubic miles of mis- 
cellaneous granitic and volcanic materials may 
have been removed by erosion south of Mono 
Lake; the minimum would again be zero and 
the probable amount 5 cubic miles. 

It is assumed that the average initial density 
of the rock materials removed by erosion was | 
2.7 gms/cm and that these rock materials were | 
deposited in Mono Basin as clastic sediments 
with an average final density of 2.3 gms/cm’, | 
The volumes cited heretofore, then, must be | 
increased by a factor of 2.7/2.3 to convert them | 
to equivalent volumes as sediments. If the sum 
of these converted volumes is subtracted from 
the volume of Mono Basin (300 + 100 cubic 
miles), it may be assumed that the deficit is 
made up by volcanic material extruded directly | 
into the basin. This is shown in the following 
balance sheet in which the volumes are rounded 
off to the nearest 100 cubic miles and trial | 
balances are calculated for the entire range of 
volume of the basin structure and eroded 
materials. 

Total volume equivalents 
(cubic miles) : 


as sediments 


Maximum 200 3 
Probable 100 


Minimum oe a 0 


Total volume of volcanic materials (first, , 
second, and third columns are, respectively, 
200, 300, and 400 cubic miles minus total 


volume equivalents as sediments): 
Minimum 0 es 
Probable 200 che 
Maximum 400 


It must be acknowledged, however, that an 
old erosion surface about which we have no 
present information, and streams flowing into 
Mono Basin from more distant sources than 
the present drainage basin, may have supplied 
clastic debris while Mono Basin was subsiding. 
Although this is unlikely, it cannot be ruled out 
altogether. On the other hand, stream outlets 
in the past could have transported finer clastic 
debris and materials in solution out of the 
Mono Basin area. Putnam (1949) believes that 
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GEOLOGIC INTERPRETATION 


this did happen during the period of maximum 
extent of Pleistocene Lake Russell, and Russell 
(1889) made a similar assumption, although he 
postulated a different channel of exit. These 
two possibilities would oppose each other; 
they would have but a minor effect on the 
balance sheet compared to the larger uncer- 
tainties discussed hereafter. 

The balance sheet shows that if the maximum 
amount of eroded material (200 cubic miles) 
was supplied to the Mono Basin structure of 
minimum volume (200 cubic miles), a balanced 
erosion-deposition budget could be maintained 
without requiring volcanic material to make up 


: the deficit. The probability that this happened 


is considered small. On the other hand, if the 
minimum amount of eroded material (0 cubic 
miles) was transported to the Mono Basin 
structure of maximum volume (400 cubic miles), 
all the material deposited in the basin structure 
would have had to be volcanic in origin. The 
probability that this happened is even smaller 
than the first extreme. But if the probable 
amount of eroded material (100 cubic miles) 
was deposited in the Mono Basin structure 
with the probable volume of 300 cubic miles, a 
deficit of 200 cubic miles remains to be made 
up by material of volcanic origin. The range of 
possibilities is very large, but it seems necessary 
to conclude that a large volume of volcanic 
material is buried in Mono Basin. This may be 
verified in part by direct observation of the 
exposed surface of Mono Basin and by the 


| magnetic evidence of volcanic material near 
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the center of the basin structure. 

For purposes of discussion we may assume 
that about two-thirds of the material in Mono 
Basin may be of direct volcanic origin. How- 
ever, of the material supplied by erosion and 
stream transport, probably only about three- 
fourths came from pre-Tertiary sources in the 
Sierra and one-fourth came from volcanic 
sources. Therefore, about three-fourths of all 
the Cenozoic deposits in Mono Basin may be of 


| direct or secondary volcanic origin. 


ORIGIN OF Mono BAsIN 


We now possess a large inventory of facts and 
inferences on which a theory for the origin of 
Mono Basin can be constructed. These may be 
summarized as follows: 

(1) Mono Basin is a large structural de- 
pression, bounded by vertical or near-vertical 
faults, that has subsided and received an 
accumulation of about 18,000 + 5,000 feet of 
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stream-transported sediments and _ volcanic 
deposits of Cenozoic age. 

(2) The deepest, southwestern triangular 
block, which contains most of the Cenozoic 
deposits of Mono Basin, is roughly equidi- 
mensional in plan, and its depth is a large 
fraction of its horizontal dimensions. 

(3) Of the approximately 300 + 100 cubic 
miles of Cenozoic deposits in Mono Basin, a 
large fraction (perhaps three-fourths) is 
probably of direct or secondary volcanic 
origin, but some (perhaps one-fourth) was 
transported into Mono Basin by streams from 
pre-Tertiary rock sources. 

(4) The Cenozoic deposits in Mono Basin are 
divided into 2 major units: a layer about 2000 
feet thick of relatively low seismic velocity, 
and a layer extending to the pre-Tertiary floor 
of relatively high velocity. These major units 
are layered and are presumed to have been 
deposited at least in part by orderly processes 
of sedimentation and volcanism. 

(5) The subsidence of Mono Basin has been 
continuous or repeatedly rejuvenated through 
an interval of late Tertiary(?) and Pleistocene 
times so that deposits near the surface have 
been displaced by faulting relatively much less 
than those near the pre-Tertiary floor. The 
recent deposits at the surface have not been 
displaced at all, and as a consequence there is 
no physiographic expression of the bounding 
faults of the structural basin. 

(6) Volcanic rocks are intimately associated 
with the Mono Basin structure. 

The unusually high ratio of depth to width, 
the roughly equidimensional plan, and the 
prominence of volcanic activity make the 
usually assumed mechanism of Basin and 
Range block faulting inadequate as an ex- 
planation for the origin of Mono Basin. Another 
mechanism must be sought. It is therefore 
postulated that Mono Basin subsided along its 
bounding faults as support was removed by 
extrusion of volcanic material from a magma 
chamber at depth. 

The physicochemical relationships of the 
volcanic activity in Mono Basin are too com- 
plex to be explained fully on the basis of our 
present knowledge of the petrology and 
chemical composition of the volcanic rocks. 
However, we may attempt to explain the origin 
of Mono Basin in terms of kinematic concepts 
(i.e., movement of magma and of a block of 
solid rock) without making any assumptions 
on the ultimate nature of the energy involved. 

To do this we assume that the volcanic rocks 
of andesitic and more silicic composition were 
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withdrawn from a magma chamber within the 
earth’s sialic crust. The basalts (except perhaps 
for minor products of magmatic differentiation) 
are excluded on the assumption that they were 
withdrawn from a deeper source in the lower 
part of the crust or the upper part of the 
mantle. The andesites and rhyolites considered 
are assumed to be less dense as volcanic rocks 
after eruption than were their original materials 
in the magma chamber before eruption. The 
mass of these materials before and after 
eruption must have remained constant, so 
they were expanded to occupy a larger volume 
after eruption, and they are assumed to have 
been spread over an area larger than that of the 
magma chamber from which they came. If 
this is so, a net deficiency of mass will result 
in and above the magma chamber, and this 
must be expressed by a gravity minimum 
anomaly on the pre-eruption surface. 

The problem then becomes one of finding 
the volcanic rocks corresponding to the mass 
deficiency of the source area and of attempting 
to describe the relationships between volcanic 
activity and subsidence of Mono Basin. 

If the basin deposits of volcanic origin occupy 
a volume of, say, 200 cubic miles and if the 
volume of the basin structure is, say, 300 
cubic miles and if all the subsidence was 
caused by withdrawal of magma from a magma 
chamber at depth, by a simple computation it 
can be shown that about 100 to 150 cubic miles 
of volcanic deposits must be found outside the 
basin structure. These numbers indicate the 
general magnitude of the volumes required. 

There are few such deposits in the area 
immediately surrounding Mono Basin. About 
that much volcanic material can be found, 
however, by looking far enough: the older 
rhyolite and andesite on the east flank of the 
Benton Range, the andesite of Bald Mountain, 
the large volume of rhyolite of Glass Mountain 
and its surroundings, the Bishop tuff of Gilbert 
(1938), and the pumice and obsidian erupted 
from Mono Craters. But Long Valley is a 
structure of the same type as Mono Basin, and 
most of these rocks are more intimately 
associated with Long Valley than with Mono 
Basin. This difficulty can be solved hypo- 
thetically by assuming that a magma chamber 
extended under both Mono Basin and Long 
Valley. Then both of these structures could 
have subsided in response to eruption of 
volcanic material from either of the structures. 
If this hypothesis is used the large volume of 
rhyolite piled above the general level near the 
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center of Long Valley can be used to account 
for part of the volcanic rocks needed. 

However, the volume of the Long Valley 
structure is about the same as that of the Mono! 
Basin structure, so the amount of surplus’ 
volcanic material that must be found should be | 
doubled. The total volume of the andesites 
and rhyolites (including pumice and tuff) not } 
confined in the basin structures is probably | 
about enough, and intrusive rocks about which 
we have no knowledge may be buried in the 
area. There is no available way at present of 
finding out precisely the volume of the volcanic 
material, and a wide range of uncertainty has 
been acknowledged about the balance sheet of | 
rock volumes that would make any such | 
precision of doubtful significance. The ex. | 
planation given remains a plausibility argument 
in the absence of more precise information than 
is available now. 

To complete the argument, it may be 
assumed that magma was propelled upward 
from the magma chamber by an internal 
pressure that exceeded the least principal 
stress plus the (essentially negligible) tensile 
strength of the surrounding rocks.’ The most ' 
likely internal pressure is the partial pressure 
of dissolved water, and the physicochemical 
mechanism may have been similar to that 
proposed by Kennedy (1955). The paths| 
traveled by the magma may have extended | 
some distance beyond the basin structures, 
perhaps by migration along a surrounding 
system of fissures, to the places from which the 
volcanic rocks were erupted. 

We conclude, as did Williams (1941), that 
Mono Basin may be regarded as a volcano- | 
tectonic depression which subsided along | 
faults that may have been blocked out by the 
same tectonic forces that produced Basin and 
Range faulting in the area. The vertical 
movement, however, was caused mainly by the 
force of gravity pulling the block down as 
support was removed below. 





AGE oF Mono BASIN 


No objective data are available on which to 
date the earliest subsidence of Mono Basin. 


1 Pakiser (1960) has suggested that southward 
movement of the Sierra Nevada block with respect 
to the Great Basin acted as a mechanism for 
reducing the principal stress parallel to the Sierra 
Nevada. This would tend to stretch or pull apart 
large offsets of the Sierra Nevada front, such as that 
containing Mono Basin and Long Valley, and 
bring on eruption. 
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AGE OF MONO BASIN 


Subsidence probably began with the earliest 
Pliocene(?) volcanic activity (Gilbert, 1941) 
and ended with the latest explosions from 
Mono Craters. Because it is known that the 
Basin Ranges of the Mono Basin area were not 
blocked out by faults before late Pliocene or 
early Pleistocene time (Gilbert, 1941), it would 
seem that the subsidence of Mono Basin began 
before elevation of these ranges. The Sierra 
Nevada probably existed as a range of at least 
moderate altitude, however, before subsidence 
of Mono Basin began. Perhaps the subsidence 
of Mono Basin was initiated synchronously 
with an early Pliocene(?) uplift of the Sierra 
Nevada (Matthes, 1930). 
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ROLE OF HYDROXYL ORIENTATION IN MICA ALTERATION 


By Wiiuiam A. Bassetr 


ABSTRACT 


Phlogopite and biotite are generally more susceptible to alteration by ion exchange 
than muscovite. The key mechanism responsible for this difference is considered to be 
hydroxy] orientation. 

Single-crystal study with the infrared spectrophotometer established the orientation 
and bonding of the hydroxy] ions. The dipole moments of the hydroxy] ions in phlogopite, 
a trioctahedral mica, are perpendicular to the cleavage, whereas those in muscovite, a 
dioctahedral mica, are obliquely oriented. 

The hydroxyl ions in phlogopite absorb a higher frequency (3700 Cm~) infrared than 
those in muscovite (3600 Cm™). Biotite and iron-rich phlogopite generally show absorp- 
tion at two frequencies, which indicates both trioctahedral and dioctahedral configura- 
tions. The inclined hydroxy] ions in dioctahedral mica place the potassium ions in a more 
negative environment than the perpendicular hydroxyl ions in trioctahedral mica. The 


more negative environment binds the potassium ions more securely in the lattice. 
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INTRODUCTION 


Laboratory and field observations indicate 
that trioctahedral micas alter more readily 
than dioctahedral micas. They character- 
istically alter to vermiculite and chlorite by the 
loss of potassium ions and the acquisition of 
hydrated magnesium, aluminum, and _ iron 
ions in the intersilicate or exchange position. 

Fifteen specimens of mica from the Columbia 
University mineralogical collection were im- 
mersed in molar magnesium chloride at 100°C. 
for 24 hours. These specimens were then 


examined by X-ray diffraction for the presence 
of vermiculite. Of the four muscovite specimens 
none showed any indication of alteration. All 
five phlogopite specimens and all five biotite 
specimens showed partial alteration to ver- 
miculite. The X-ray patterns for these showed 
both the 10A reflection for mica and the 14A 
reflection characteristic of vermiculite. These 
ion-exchange procedures were patterned after 
similar experiments conducted by Barshad 
(1948). 

In the field many rocks contain both altered 
biotite and unaltered muscovite, in many cases 
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only inches apart. At the northwest end of the 
Wind River Mountains in Wyoming many 
pegmatite dikes cut the gneiss in the crystalline 
core of the range. Both muscovite and biotite 
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FicurE 1.—X-rAY DIFFRACTOMETER PATTERNS 
OF THREE SPECIMENS FROM THE WIND 
RIVER MounrTAINS, WYOMING 

Biotite from an unsheared pegmatite dike. Chlo- 
rite altered from biotite in a sheared pegmatite dike. 
Unaltered muscovite from the same sheared pegma- 
tite dike. 











in most'of these pegmatite dikes are unaltered 
and give diffraction patterns showing 10A mica 
reflections. Some pegmatites in the region have 
been highly sheared by nearby Laramide 


W. A. BASSETT—HYDROXYL ORIENTATION IN MICA ALTERATION 


lou ' 


faults. The biotite in these sheared pegmatites 
has been altered to chlorite, whereas the 
muscovite is still fresh (Fig. 1). The shearing 
apparently permitted access for solutions, 
whether supergene or hypogene, to come into 
contact with the micas and effect an alteration 
of the biotite to chlorite. 

The mechanism involved in the alteration of 
mica to vermiculite or chlorite is essentially ion 
exchange. The potassium ions in the inter- 
silicate position are replaced by hydrated (H,0 
in vermiculite, OH- in chlorite) magnesium, 
iron, or aluminum ions. These hydrated ions are | 
larger than the potassium ions and therefore 
produce a structure that has a larger basal 
spacing. 
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Mica ALTERATION AND PorasstuM FIXATION 


In micas susceptibility to alteration is a | 
function of potassium fixation. In a mica that 
resists alteration the potassium ions are more 
tightly bound than they are in a mica that 
readily alters. One factor generally accepted as 
having an important influence on the binding 
of the potassium ions is the amount of negative 
charge originating in the silicate layers because 
of substitution in the tetrahedral and octahedral 
positions. If this charge is low, then there are 
fewer potassium ions than there are positions 
in the intersilicate layer. This gives rise to a 
greater mobility of potassium ions and hence a 





Pirate 1—ATOMIC MODELS OF PHLOGOPITE AND MUSCOVITE WITH THE 
SILICA AND ALUMINA TETRAHEDRA REMOVED 
FicurE 1.—Phlogopite model illustrating the orientation of hydroxyl ions perpendicular to the octahe- 


dral layer 


FicurE 2.—Muscovite model illustrating the orientation of hydroxyl ions inclined to the octahedral 


layer 
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THE SILICA AND ALUMINA TETRAHEDRA REMOVED 
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MICA ALTERATION AND POTASSIUM FIXATION 


greater susceptibility to alteration. This mech- 
anism is probably responsible for the variable 
susceptibility observed in the phlogopites and 
biotites, but it does not account for the fact 
that muscovites resist alteration altogether. 
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repelled away from them. Since the distribution 
of charge over the three magnesium ions is 
uniform, the hydroxyl dipoles should be 
perpendicular to the octahedral layer. The 
octahedral layer parallels the cleavage; there- 
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FiGURE 2.—DIAGRAMMATIC ILLUSTRATION OF THE INTERACTION OF AN INFRARED 
BEAM WITH Hyproxyt Ions 1n Two ORIENTATIONS 


This problem resclves itself into the question 
‘of the basic structural differences between the 
dioctahedral and trioctahedral micas and what 
effect these differences have on potassium 
fixation. The writer suggests that the orienta- 
tion of the hydroxyl ions in the mica structure 
is the key mechanism. In order to examine the 
hydroxyl ions and their relationship to the 
octahedral layer and the potassium ions, it is 
advantageous to strip away the silica and 
alumina tetrahedra. Figure 1 of Plate 1 il- 
lustrates the octahedral layer, the hydroxyl 
ions, and the potassium ions of phlogopite 
after the silica and alumina tetrahedra have 
been removed. Figure 2 of Plate 1 shows the 
same for muscovite. 

In the phlogopite structure each hydroxyl ion 
rests on three magnesium ions and under one 
potassium ion. Each of the magnesium ions is 
relatively small and has a plus two charge. 
Thus the negative or oxygen end of the hy- 
droxyl ion should be attracted toward them, 
and the positive or hydrogen end should be 





fore, the hydroxyl ions in phlogopite should be 
oriented with their dipoles perpendicular to 
the cleavage. 


INFRARED INVESTIGATION 


If the configuration proposed for phlogopite 
is correct, then its validity can be tested by 
means of the infrared spectrophotometer. 
Figure 2 shows the way in which infrared 
radiation interacts with a hydroxyl ion. When 
the dipole is oriented parallel to the direction of 
propagation of the infrared beam, no absorption 
takes place. If the hydroxyl ion is oriented so 
that the dipole has a component lying across 
the direction of propagation or parallel to the 
direction of vibration of the infrared, then 
absorption takes place when the frequency of 
vibration corresponds to the resonance fre- 
quency of the hydrogen-oxygen bond. Thus, if 
the orientation of the hydroxyl dipoles in 
phlogopite is perpendicular to the cleavage as 
suggested, there should be no absorption of the 
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infrared by hydroxyl ions if the phlogopite is 
oriented with its cleavage perpendicular to the 


infrared beam. 
The first spectrophotometer chart in Figure 
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FIGURE 3.—INFRARED ABSORPTION SPECTRA 
OF PHLOGOPITE FROM BEDFORD, 
ONTARIO 


A flake 0.02 mm thick was run in the three or- 
ientations indicated at the right. 


3 shows this to be the case. When the phlogopite 
flake is inclined with reference to the beam, 
absorption by the hydroxyl ions appears at 
3700 Cm and becomes more intense as the 
inclination increases. Thus the infrared spectro- 
photometer confirms the proposed orientation 
for the hydroxyl ions in the phlogopite. 

Serratosa and Bradley (1958) arrived at the 
same conclusions using an_ experimental 
procedure very similar to the author’s and 
obtaining similar data. 

The muscovite structure is pictured in 
Figure 2 of Plate 1. In muscovite the octahedral 
layer consists of aluminum ions. Since the 
aluminum ions are trivalent, they occupy only 
two-thirds of the available octahedral positions. 
This results in holes in the octahedral layer. 
Each hydroxyl ion sits on two cations and a 
hole. The hydroxyl ions should not be per- 
pendicular to the octahedral layer in this 
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situation as in the phlogopite. They should be 
oriented with the oxygen end extending toward 
the aluminum ions and the hydrogen end ex. 
tending away from the aluminum ions. 
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FIGURE 4.—INFRARED ABSORPTION SPECTRA 
OF MUSCOVITE FROM BRANCHVILLE, 
CONNECTICUT 


A flake 0.02 mm thick was run in the three or- 
ientations indicated at the right. 


If this is the true configuration, then a beam| 
of infrared passing through a flake of muscovite 
perpendicular to its cleavage should reveal } 
absorption by the hydroxyl ions. The frequency 
of the absorption should be lower, since the 
aluminum ions carry a greater charge than the 
magnesium ions. This greater charge has the 
effect of pulling the oxygen closer to the alumi- 
num and pushing the hydrogen farther away, 
thereby lengthening the hydrogen-oxygen bond 
and lowering the response frequency. 

The spectrophotometer charts given in 
Figure 4 indicate strong absorption by the 
hydroxyl ions in spite of the orientation of the 
muscovite flake in the infrared beam. The 
frequency of absorption by these hydroxyl ions 
is lower as predicted. One might ask why there 
is not some orientation of the muscovite flake 
which permits no absorption by the hydroxyl 
ions. The muscovite specimens examined by 
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‘Tsuboi (1950), by Serratosa and Bradley 
(1958), and by the author have all been 2M 
polytypes. In the 2M structure the dipoles 
within one layer may be parallel to each other 
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_A flake 0.07 mm thick was run in the three or- 
ientations indicated at the right. 
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} demands that if orientations in a given layer 
are parallel, orientations in alternating layers 
must be disposed alternately symmetrically 
about the (010) plane. The only polytype that 
might be expected to have all its hydroxyl 
dipoles parallel is 1M. This has not yet been 
tested because of the difficulty of obtaining 
megascopic specimens of a 1M dioctahedral 
mica. 

Tsuboi (1950) detected variations in ab- 
sorption with changes in the orientation of a 
flake of muscovite. He concluded that the 
hydroxyl ions in the muscovite are oriented 
obliquely to the cleavage and calculated the 
angles at which they are oriented. The varia- 
tions that he observed are small, however, 
compared to the variations observed in phlog- 
opite and biotite. 
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PotasstuM FIXATION AND HyDROXYL 
ORIENTATION 


The effect of the hydroxyl orientation on the 
binding of the potassium ions is illustrated in 
Plate 1. In the phlogopite structure the orienta- 
tion of the hydroxyl ion places the hydrogen 
end or the proton in juxtaposition with the 
potassium ion. The inclined orientation of the 
hydroxyl ion in the muscovite structure places 
the proton farther from the potassium ion and 
places the negative or oxygen end of the dipole 
closer to the potassium. Thus the phlogopite 
structure places the potassium ion in a rela- 
tively positive environment with a proton just 
above and a proton just below. The potassium 
in muscovite, however, is in a more negative 
environment because the inclined orientation of 
the hydroxy] ion places the proton farther from 
the potassium and the oxygen closer. This 
difference in the environment of the potassium 
ions is believed to account for the fact that 
most trioctahedral micas alter by ion exchange, 
whereas the dioctahedral micas do not. 


BIOTITE AND SYNTHETIC PHLOGOPITE 


The biotite specimens and two of the darker 
phlogopite specimens show a pair of hydroxyl 
absorptions (Fig. 5). The absorption at the 
higher frequency is sensitive to the orientation 
of the specimens, and the lower frequency 
absorption is not. The higher frequency ab- 
sorption is attributed to trioctahedral con- 
figuration as in magnesian phlogopite. The 
lower frequency absorption is attributed to 
dioctahedral configuration as in muscovite. The 
octahedral layer of biotite and the darker, 
iron-bearing phlogopite is occupied by magne- 
sium, ferrous, and ferric ions. Many specimens 
of biotite from pegmatites contain appreciable 
amounts of ferric iron and are more properly 
designated lepidomelane. The excess charge 
resulting from the presence of the ferric ions is 
balanced by holes in the octahedral layer, just 
as holes in the octahedral layer of muscovite 
balance the plus three charge of the aluminum. 
In biotite, therefore, holes occur throughout the 
octahedral layer. Some hydroxyl ions must sit 
on two cations and a hole as in muscovite, and 
others must sit on three cations as in magnesian 
phlogopite, thus producing the two frequencies. 

In Table 1 the absorption frequencies show a 
shift downward as the biotite becomes pro- 
gressively darker or more iron rich. This may 








454 W. A. BASSETT—HYDROXYL ORIENTATION IN MICA ALTERATION 






































TABLE 1.—HypROxYL ABSORPTIONS FOR 15 MicA SPECIMENS this sal 
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Specimen Color ontente quency “a F requency ng subject 
Muscovite 
Branchville, Connecticut Colorless 0° 3600 | Hyd 
60° 3600 influen 
Muscovite If all t 
Ural Mountains, Russia Colorless 0° 3600 | s | 8 clea 
60° 3600 5 10n = 
Muscovite | potass! 
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60° 3600 | 5 \and o 
Muscovite montm 
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60° 3600 . | be suff 
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Phlogopite change 
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60° 3700 m : hydrox 
Phlogopite | hydrox 
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60° 3700 m high Cc 
Phlogopite tion by 
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60° | 3700! m masked The in 
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60° 3660 | m 3520 m 
Synthetic phlogopite (fluorine replaces | Colorless 0° 
hydroxyl) 60° 
result from a strong bonding of hydroxy] ions to Synthetic phlogopite in which fluorine ions 
iron ions, although the details of this have not replace hydroxyl ions shows no absorption in 
yet been worked out. this region. Serratosa and Bradley (1958) made 
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BIOTITE AND SYNTHETIC PHLOGOPITE 


this same observation. The synthetic phlogopite 
undergoes no alteration to vermiculite when 
subjected to the magnesium chloride treatment. 


CoNCLUSIONS 


Hydroxyl orientation is suggested as a factor 
influencing a mica’s susceptibility to alteration. 
Ifall the hydroxyl ions in a mica are inclined to 
its cleavage as in muscovite, then alteration by 
ion exchange does not take place unless the 


| potassium content is exceptionally low because 


of a low charge originating in the tetrahedral 
and octahedral layers as in dioctahedral 
montmorillonite. If some of the hydroxyl ions 
are perpendicular to the cleavage, this seems to 
be sufficient in most cases to permit the initia- 


| tion of ion exchange. Once potassium ions held 


by perpendicular hydroxyl ions are removed the 
remaining potassium ions submit to ion ex- 
change. In biotite, for instance, where part of 
the potassium ions are bound by inclined 
hydroxyl ions and part by perpendicular 
hydroxyl ions alteration takes place in most 
cases. Even in biotite and phlogopite a very 
high content of potassium may inhibit altera- 
tion by ion exchange. 

The treatment of this subject is qualitative. 


| The infrared spectrophotometer is capable of a 
| high degree of accuracy and has been used 


extensively by organic chemists for quantitative 
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investigations. Therefore, useful studies of the 
micas by quantitative treatment should be 
possible. The infrared data used in conjunction 
with chemical, spectrographic, and X-ray 
structure analyses should serve as a powerful 
method for studying substitution and ion 
configurations in micas and other sheet silicates. 
For instance, it should be possible to obtain 
accurate values for the ratio of ferrous to 
ferric iron. This is difficult to achieve by present 
methods of analysis. Such data might yield 
valuable information about the conditions 
obtaining when the mica formed. 
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NORTHERN BAJA CALIFORNIA, MEXICO 


By CLARENCE R. ALLEN, LEON T. SILVER, AND FRANcis G, STEHLI 


ABSTRACT 


Agua Blanca fault is a major right-handed strike-slip fault at least 80 miles in length 
that cuts transversely across the peninsula of Baja California about 70 miles south of 
the international border. Its trend is anomalous in being more nearly parallel to the 
Transverse Ranges of southern California than to the San Andres fault system that 
elsewhere dominates the tectonic grain of the peninsula. Geographic features delineat- 
ing the fault trace are, from east to west: Paso San Matias, Valle de La Trinidad, Cafion 
de Dolores, Valle de Agua Blanca, Valle de Santo Tomas, Bahfa Soledad (south branch 
of fault), Punta Banda (north branch). Farther west, both branches of the fault control 
submarine topography, and possibly the fault system is continuous with the northwest- 
trending San Clemente fault off the southern California coast. 

Physiographic expression of the Agua Blanca fault is remarkably similar to that of 
the San Andreas. Typical features are Recent scarps, offset streams, shutterridges, fault 
sags and saddles, side-hill ridges, and fault-controlled valleys. Most of these features 
are particularly well exhibited in Valle de Agua Blanca, which is designated as the type 
locality. 

Rocks cut by the fault are mainly Cretaceous plutonic rocks of the southern California 
batholith and Lower Cretaceous (Albian) metavolcanic rocks. Along the Pacific Coast, 
the fault cuts Upper Cretaceous (Maestrichtian) post-batholithic sedimentary rocks 
that are otherwise surprisingly little deformed as compared to rocks of similar age in 
most of California. 

Agua Blanca fault shows a history of right-lateral displacement throughout its length: 
Recent stream offsets occur from Valle de La Trinidad nearly to the Pacific Ocean; dis- 
tinctive Quaternary(?) fan gravels in Valle de Agua Blanca are offset laterally 3 miles 
from their most likely source area across the fault; in the same area, a fault slice of dis- 
tinctive antiperthitic granodiorite is best explained by 7 miles of lateral displacement, 
and a nearby slice of quartz diorite may indicate displacement as great as 14 miles. In 
general, evidence of both Recent activity and amount of total displacement appear to 
increase westward. The fault coincides in gross aspect with a broad east-west zone of 
seismic activity in a region elsewhere characterized by relative quiescence, but no large 
historical earthquakes can be positively correlated with this fault. 

Despite its orientation athwart the regional tectonic grain, Agua Blanca fault does 
not appear to represent a deep-seated structural feature analogous to those of the Trans- 
verse Ranges. Instead, it is probably one of several paths by which the San Andreas 
fault tends to break around the “knot” caused by the great bend of the San Andreas in 
southern California. 
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INTRODUCTION 


Continuing widespread interest in the San 
Andreas fault has stimulated this study of a 
major structural break that assuredly must be 
related to the San Andreas system. Previous 
studies have provided much detailed informa- 
tion on the fault pattern of southern California 
(Fig. 1); the same tectonic environment extends 
into adjacent Mexico but has received little 
study there. The discovery in Baja California 
of a major structural break—the Agua Blanca 
fault—demonstrates the importance of ex- 
tending structural studies southward. Added 
impetus was given this study by the anomalous 
trend of the Agua Blanca fault, which, although 
related to the San Andreas system, is markedly 
transverse to the structural grain of Baja 
California. The same anomalous trend charac- 
terizes the nearby Transverse Ranges of 
southern California, and its tectonic significance 
there has been the subject of much speculation. 

The existence of a throughgoing fault ex- 
tending across northern Baja California was 
first suggested by geologic reconnaissance in 
connection with our studies of the Cretaceous 
rocks of Baja California (Silver, Stehli, and 
Allen, 1956; Silver, Stehli, and Allen, in press). 
Several investigators had pointed out that Paso 
San Matias and Valle de La Trinidad (Fig. 2) 
represent the first major topographic break in 
the Peninsular Ranges south of San Gorgonio 
Pass, about 200 miles to the north. The anomal- 
ous east-west trend of Valle de La Trinidad and 


the colinear Cafion de Dolores (Fig. 2) indicate 
some sort of structural control transverse to the 
regional tectonic grain. The only previous sug- 
gestion of faulting along any part of this line, | 
however, seems to have been made by Bése and | 
Wittich (1913, p. 326, 459; repeated by Beal, | 
1948, p. 102), who attributed to faulting the 
hot springs, linear topography, and submarine 
escarpment along the north side of Punta 
Banda (Fig. 3). Beal (1948, p. 102) also postu- 
lated that many of the summit valleys, in- 
cluding Valle de La Trinidad, possibly owed 
their origin to faulting. Aerial reconnaissance in 
1956 by the authors and John Shelton confirmed 
the existence of a throughgoing break from Paso 


Matias to Punta Banda and first called atten- \ 


tion to stream offsets and other features typical 
of the San Andreas and associated active 
strike-slip faults of California. In subsequent 
field work the authors have gone to nearly every 
part of the fault and have traversed most of its 
length on foot. 

This study was supported by generous grants 
from the Penrose Bequest of The Geological 
Society of America (Grant 733-56) and from the 
California Institute of Technology. Aerial- 
reconnaissance examinations were made with 
the help of John Shelton, Gifford Ewing, and 
Paul MacCready. C. F. Richter and Pierre St. 
Amand assisted in compiling the seismic data. 
We appreciate the co-operation of the Institute 
of Geology of the University of Mexico, Ing. G. 
P. Salas, Director. Those who have helped us in 
the field include A. E. J. Engel, W. B. Kamb, 
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C.R. McKinney, and J. A. Noble. R. H. Jahns 
has kindly criticized the manuscript. This 
study would have been impossible without the 
generous hospitality and assistance of numerous 
local residents, particularly Sr. Manuel Collado, 
and Sr. Arturo Lerma. 


REGIONAL GEOLOGY 


General Features 


The dominant physiographic and geologic 
feature of the northern part of the peninsula of 
Baja California is its “backbone’”—the high, 
essentially north-south mountain range under- 
lain primarily by crystalline rocks of the batho- 
lith of southern and Lower California (Larsen, 
1948). The relatively gentle slopes that extend 
westward from the summits of this range 
toward the Pacific Ocean stand in marked 
contrast to the rugged east slopes, which drop 
off precipitously into the desert valleys bor- 
dering the Gulf of California. The over-all 
pattern is remarkably similar to that of the 
Sierra Nevada of California, as was first pointed 
out by Lindgren (1888). 

The foothills between the high ranges and the 
Pacific Coast are underlain mainly by pre- 
batholithic metamorphic rocks, although nu- 
merous small plutons have intruded these older 
rocks throughout their extent. Post-batholithic 
sedimentary and volcanic rocks form a narrow 
strip along the Pacific coast and a broader strip 
along the Gulf of California coast and have been 
left as erosional remnants capping the higher 
Peninsular Ranges north of Paso San Matfas. 
Thus the rocks of northern Baja California fall 
into three distinct groups: pre-batholith, batho- 
lith, and post-batholith. 

The geology of northern Baja California is as 
yet surprisingly little known, but the best 
sources of information are publications by 
Bose and Wittich (1913), Santillan and Barrera 
(1930), Flores (1931), and Woodford and Har- 
riss (1938). These and other sources recently 
have been summarized by Beal (1948), Jahns 
(1954), and Wisser (1954). 


Pre-Batholithic Rocks 


The pre-batholithic metamorphic rocks of 
this region are typical eugeosyclinal deposits— 
metasedimentary rocks of volcanic derivation, 
flows and pyroclastic rocks, and sparse lime- 
stones. The repetitious volcanic lithology and 
unknown structure preclude accurate estimates 
of thickness at this time, but certainly more 
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than 10,000 feet of section is exposed. The most 
common rock types are basic to intermediate 
tuffs and breccias, basaltic and andesitic flows, 
and volcanic graywackes. That most of the 
units were water laid is indicated by sorting, 
cross-bedding, and channeling within the 
sequence, and by the presence of marine fossils, 
Metamorphism varies from negligible near the 
coast to intense near the larger plutons of the 
main sierra. Sparse rudistid limestones crop out 
in a persistent zone that forms the one through- 
going marker unit thus far recognized in the 
pre-batholithic section. The regional strike of : 
the metamorphic rocks is northwest, and most | 
of the rocks are steeply dipping. The pre. 
batholithic section is described in greater detail 
elsewhere (Silver, Stehli, and Allen, in press). 

Fossils have been collected from numerous 
localities in the pre-batholithic rocks south of 
Ensenada. We concur with Allison (1955) that 
these rocks are of Early or Middle Albian age 
(late Early Cretaceous). No older rocks have 
been identified in this region, although they 
may well exist. North of the international 
border, Triassic fossils have been reported 
from pre-batholithic rocks of the northern 
Santa Ana Mountains (cited in Larsen, 1948, | 
p. 18). 

West of Valle de Agua Blanca, rocks of the 
pre-batholithic section are predominant both 
north and south of the Agua Blanca fault, 
except in the immediate vicinity of the coast, 
where they are overlain by post-batholithic 
sedimentary rocks. 





Batholithic Rocks 


The plutonic rocks of northern Baja Cali- 
fornia are similar to parts of the same 
batholithic mass mapped and described by 
Larsen (1948) in areas north of the border. | 
Numerous large plutons adjoin one another 
along the axis of the peninsula but are separated | 
by metamorphic screens increasing in thickness 
and coalescence toward the west until along the 
coast the rocks are predominantly metamor- 
phic. The eastward extent of the batholith is 
unknown, although it extends at least as far as 
the Gulf of California. The most detailed pub- 
lished study of the field relations of the 
crystalline rocks in any part of this region is 
that by Woodford and Harriss (1938), which 
pertains to the batholithic and pre-batholithic 
rocks of a part of the Sierra San Pedro Martir 
and adjacent foothills 30 miles south of the 
Agua Blanca fault (Fig. 2). 
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REGIONAL GEOLOGY 


Post-Batholithic Rocks 


The only known post-batholithic rocks exposed 
in the area of Figure 2 are: (1) Upper Creta- 
ceous and younger marine sedimentary rocks 
that crop out in a narrow strip along the Pacific 
coast; (2) Upper Cenozoic volcanic and asso- 
ciated nonmarine sedimentary rocks that form 
erosional remnants capping the Sierra Juarez 
and the coastal hills north of Ensenada; and 
(3) Quaternary alluvium and fan gravels. 

The Upper Cretaceous rocks of this region are 
here assigned to the Rosario formation of Beal 
(1948, p. 40) because of their similar lithology, 
implied sedimentary environment, and fossils, 
as well as their near continuity with beds at the 
type area 100 miles to the south. Sedimentary 
features indicate that the shore line of the Late 
Cretaceous sea was very nearly the same as 
that of today; indeed, many present embay- 
ments between headlands of resistant Albian 
volcanic rocks were also embayments in Late 
Cretaceous time, as was pointed out by Allison 
(1955, p. 403). The Rosario formation com- 
prises a variety of clastic types ranging from 
extremely coarse conglomerate to shale; silt- 
stone is predominant. These rocks have been 
left little deformed except where they are cut 
by both the northern and southern branches 
of the Agua Blanca fault (Fig. 3). The Rosario 
in the area of Figure 2 have been assigned a 
Maestrichtian age by Durham and Kirk (1950) 
and by Oakes (M. S. Thesis, Univ. Calif., 
Berkeley, 1954), and a Campanian age by 
Bandy (1952). On the basis of numerous inde- 
pendent fossil collections, we consider these 
rocks to be Late Campanian or Early Mae- 
strichtian in age. 

The southern part of the Sierra Judrez, north 
of the Agua Blanca fault, is capped by dissected 
relatively flat-lying volcanic flows and asso- 
ciated nonmarine sedimentary rocks. These 
rocks have been described locally by Shor and 
Roberts (1958, p. 111) and are similar to the 
more fully studied rocks north of the border 
near Jacumba (Brooks and Roberts, 1954). 
In both areas the flows are truncated by the 
precipitous eastern escarpment of the range and 
clearly must have been extruded under condi- 
tions of lower relief than exist today. The age 
of these rocks is unknown, but they are similar 
in lithology and degree of deformation to the 
very widespread flows of the Comondt forma- 
tion of the middle part of the peninsula that 
have been dated as middle(?) or late Miocene 
(Wilson and Rocha, 1955). On the other hand, 
Quarternary volcanic rocks are known from 
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areas both north and south of the border, and 
sporadic volcanism may have occurred in 
northern Baja California throughout late 
Cenozoic time. It is interesting to note that 
erosional remnants of volcanic rocks are wide 
spread on the Sierra Juarez north of the Agua 
Blanca fault, whereas such rocks are unknown 
on the adjacent part of the Sierra San Pedro 
Martir to the south. 


Structure 


Even with our limited knowledge of north- 
western Baja California it seems safe to say 
that this terrane is less broken up by major 
faults than are the adjoining northern Peninsu- 
lar Ranges or the Transverse Ranges of Cali- 
fornia. The almost undeformed state of Upper 
Cretaceous beds along much of the northern 
Baja California coast is surprising to anyone 
familiar with the intense deformation of both 
these and younger deposits only 150 miles to 
the north. The San Diego area evidently shares 
this relative stability with Baja California, 
as has recently been argued by Carter (1957). 
These conclusions are further supported by the 
recorded seismic history of the region. The 
major faults in northern Baja California west 
of the San Andreas zone appear to be (1) those 
controlling the Sierra Juarez and Sierra San 
Pedro MArtir, (2) the San Miguel fault, and 
(3) the Agua Blanca fault (Fig. 1). 

The north-northwest trend of the Sierra 
Judérez and Sierra San Pedro MArtir is deter- 
mined predominantly by faulting on the east, 
although this trend lies at a distinct angle to 
that of the San Andreas fault zone (Fig. 1). 
The linear and continuous east face of the 
Sierra Jud4rez was first recognized as a fault 
scarp by Lindgren (1888). Recent scarps are not 
abundant at its base, but numerous stepped- 
down blocks of volcanic rocks testify to fault 
control along at least the southern end of the 
escarpment, 

The eastern escarpment of the Sierra San 
Pedro MArtir is even more impressive than that 
of the Sierra Judrez; the 8000-foot drop from 
the summit of Cerro de La Encantada (10,100 
feet) to the valley floor takes place in a hori- 
zontal distance of only about 5 miles. Numerous 
Recent scarps delimit the southern part of the 
range and probably occur at the foot of the 
northern part as well. Beal (1948, Pl. 1) postu- 
lated that the fault zones bordering the Sierra 
San Pedro MArtir and the Sierra Juarez may 
be one and the same. If so, vertical displace- 
ment in the intervening area has been neither 











ALLEN ET AL.—AGUA BLANCA FAULT, BAJA CALIFORNIA 


462 


field ev 


Banda. 


Figure 


feature 


cussed 
































- — on q = ©... _ SS Owe 6 Ol Loe. Oe 
a) ba” a yo ey ae SS ~~ = a-=st Sy ese VMS eS — & ogo og 8 = ges on Oo eee eee 
Le Ae Pe eee Ee er es ie | Seow epst 2. & ABER SE PS wy 
me eee BS eR Ret SS eB Se ER SE Beas SS hs oe es Bosses asea igs 
So 2340 == 5 SSBERQHSPAESSSSZSSESSESHESS SEZYE 22SBs3 82ZS2S38aqg 
‘f BINSIq JO UOT}BI0] SMoYs JosuT 
wOLoOAS SyYNO]L SOINVS- sera VINOg do ded a ¢ Taal, 
A 2 A “<a Oyung 
fe a "3 aN 
# NF Suqjsawit/ QL 
~ 7 4 j Pwd (voy) snoa20j015 \, 
4 { y; ) 4OMOT JO BO0Z gu 
/ Ofai, ousy \ 
/ j XLS uous 020148; puo a] ee SDWO] OjUDS oyJang 
} q oo >) 
\\ | 
4, 01 { 
(S404 ut) Ajijoroy jISs0y vOIgIY « ‘\ sowos sii shit 
* 
\ X& 
~ S) 
w a nae = A, (passajut 40 pajyor0; x 
Mea ya Ajajowixo.ddo asaym paysop) sjinoy se 
PS. it Ley 
¥ = % rg 
x es a od a °” ( popayos Spoo, ey 
Ke z ; ne Stan : \S  21y0g =. 
ee - —_ \ 
¢ > ohossy \ won ot we Ss 
“@ ; v See ov Prisef— | -"snoa20ja19 seddp) ui sapijs Sy204 anisnayur 
{ ~ sway Oe ~~ ~puoy Aq pajoe2u0d 4/noy ‘vonyouyseopy esd yng ‘sebunok awos 
Bay cs OjUDS =sx =... oat \ avojsowny UDiqiy —s SOPN/ QUI jy “jy ‘S¥DO IY dsowo sous 
nN WwdJ0L Dy Oydy Bis lan \ re (YDIG/Y) $N0BIDj81D 4aMOT PUD ‘Ny ‘s¥204 - 
aw GP \ ; ei Asojuaw pas (uoijyoiysaoy) sn08I0ja419 £- pf 
( 4000p) VBEMI{Eg 420{U02 ajowixNosddy en, 








voissasdap pasos9 

$4284f9 40/OM—PUNOIB JuaUIWIOsY 
pasodxa jjam auoz paysnsp 
sands pajoounsy 

buisds jouw 

SWOEMS 48S4j0 


OG OHO O oF 


SdIDIS juaray 
SN ONILINVS JO SFINFAT 
INN 
FQ 
r< es <n ‘SY SOpOquy 


\ aes be, 
ak AN oy SS LES 
Pod ae ~ A YS 





~ 




















S9\'W Ol 





‘ 

80, \ S\ SSE Co N\ IW 
yo ue eo RIE? RO 
pSssr \ 7 por’, S Ay oe a sy S)) 

- Wy =a 
=r == —— os wwe 
$3849WOII OF $ ra Nr) Ky / speq owoy2 = Ss *yszi zi {( 
yf \ KR f// -oujos02 (uougosjsa0y) ~~ 
= \ ° MS Hf snoa20ja19 4addf ppudg © dung 
6 " Z 9 , Bee € 2 1 r) %, ( Hf] 
/ 








C) OJapoauDW | 











Ficure 3.—Sxetcu Map or Punta Banpa-Santos TomAs SECTOR 


Inset shows location of Figure 4. 
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as great nor as recent as in areas farther north 
and south, and certainly the two ranges have 
not behaved as a single block. The gross struc- 
ture of both sierras is that of westward-tilted 
fault blocks, but the structure of the Sierra 
San Pedro MArtir is complicated by a fault 
zne on the west (Woodford and Harriss, 
1938, p. 1325-1327), so that the summit area is 
a westward-tilted horst. 

The San Miguel fault was named and first 
described by Shor and Roberts (1958) on the 


| basis of a field study following the earthquakes 


of February 1956. Ground displacement asso- 
ciated with these earthquakes occurred along 
about 12 miles of the fault trace (the solid- 
line segment on Fig. 1) and was uniformly 
right-lateral and relatively up on the northeast. 
Shor and Roberts (1958, p. 106) point out that 
the San Miguel fault zone certainly extends 
northwest beyond the segment broken in 
1956 and probably controls the Valle de San 
Rafael, which Lindgren (1888) earlier attrib- 
uted to faulting; possibly the fault zone con- 
tinues still farther northwest. Southeast from 
the 1956 break, evidence for throughgoing 
faulting is less convincing, and certainly the 


| volcanic rocks that cap the range in this area 





have not been greatly displaced. In general, the 
thickness of the crushed zone along the San 
Miguel fault, the topographic expression of the 
fault, and the contrast of rock types on the 
two sides of the fault are not nearly so impres- 
sive and suggestive of major displacement as 


| are similar features along the Agua Blanca 


fault. 


Punta BANnbA-SANTO ToMAS SECTOR 
General Features 


The western end of the Agua Blanca fault 
is split into two diverging traces (Fig. 3), here 
referred to as the northern and southern 
branches. It is not clear which of these, if 
either, should be considered the “parent” fault; 
impressive crushed zones are associated with 
both, and both appear to control submarine 
topography off the coast. Recent displacements, 
on the other hand, have occurred primarily 
along the northern branch, so that its trace is 
more obvious in the field. The various types of 
field evidence indicative of faulting in the Punta 
Banda-Santos Tomas sector are shown in 
Figure 3. Throughout this paper, only those 
features deserving of special mention are dis- 
cussed in the text, inasmuch as most of our 
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field observations are summarized in the sketch 
maps. 


Northern Branch 


The northern branch of the Agua Blanca 
fault delimits the north escarpment of Punta 
Banda Ridge (PI. 1); indeed it is responsible 
for the gross coastal outline of Punta Banda 
itself, as was suggested by Bése and Wittich 
(1913, p. 325-326). The fault zone can be 
followed continuously through most of this 
sector but is marked only by isolated Recent 
scarps in the alluviated area near Estero de 
Punta Banda (Fig. 3). The continuity of the 
fault into the ocean is indicated by hot springs 
at the very edge of the bay, where clouds of 
steam rising from the beach are particularly 
spectacular at low tide during periods of cold 
weather. 

Physiographic evidence for Recent right- 
lateral displacement is perhaps more abundant 
along this segment of the fault than anywhere 
else. Stream courses show consistent right- 
lateral offsets amounting to as much as 900 
feet, although most of the sharp offsets are 200 
to 300 feet (Fig. 4; Pl. 1, fig. 1). Those shown in 
Figure 4 are particularly convincing because the 
offsets are in the “uphill” direction; that is, 
stream capture by erosion in the fault zone 
would tend to cause apparent offsets in the 
opposite direction, inasmuch as this is the 
direction of regional gradient toward the ocean. 
Lateral offsets of deeply dissected canyons in 
this area have formed particularly good exam- 
ples of shutterridges (Pl. 1, fig. 1), similar to 
those in New Zealand (Cotton, 1957) and along 
the San Andreas fault in California (Buwalda, 
1937). A history of Recent strike-slip displace- 
ment is also supported by numerous reversals 
in the direction toward which Recent scarps 
face. Scarps near Km 136! (Fig. 4) consistently 
face north, whereas those 4 miles farther west 
(Pl. 1, fig. 2) face south. Side-hill ridges and 
fault sags, characteristic features of the San 
Andreas fault (G. K. Gilbert im Lawson et al., 
1908, p. 33), are particularly well developed 
along the Agua Blanca fault on the north 
slopes of Punta Banda Ridge. 

The Upper Cretaceous Coralliochama beds 
of Punta Banda (Fig. 3) have dips as great as 
55°, and this tilting is an exception to the pat- 
tern of generally undeformed post-batholithic 





1 Km 136 and other similar designations indicate 
marker signs along Mexico Highway 1, measuring 
distances south from the international border. 
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FicurE 4.—SKETCH MAP OF DRAINAGE PATTERNS ALONG FAULT 
Location is 7 miles southeast of El] Maneadero (Fig. 3). The most recent movements have been along line A-A’, which is also marked 


by fault scarps and a wide crushed zone. Photograph of Figure 1 of Plate 1, was taken from point “B”’. 














rocks in northern Baja California. This defor. 
mation must be related to the nearby Agua 
Blanca fault, and the beds may lie within a 
fault sliver. Their contact with igneous rocks 
along the backbone of Punta Banda is thought 
to be a fault because of its linearity and the 
fact that bedding dips into the contact, but 
possibly this boundary is a depositional feature 
similar to others along the rugged Late Creta- 
ceous shore line. The Coralliochama beds are 
pervasively fractured, and westward along the 
sea cliff they are faulted against red beds of 


unknown age (Walton, 1955, p. 957). Seven } 


miles east along the Agua Blanca fault, in the 
area shown in Figure 2 of Plate 1, steeply 
dipping sandstones and conglomerates lie 
unconformably beneath fan gravels on the 
south side of the fault; these rocks also are of 
unknown age, but assuredly they have been 
faulted into their present position. 

Numerous marine terraces on Punta Banda 
were first pointed out by Lindgren (1888, p. 
170). These terraces are not obviously deformed 
near the fault, although the major break 





presumably passes north of Punta Banda, and 
correlative terraces have not been identified 
across the valley to the northeast. At least 13 
distinct terraces are exposed on Punta Banda; 
rough barometric measurements indicate that 
the nick points at the heads of these terraces 
on the southeast slope of peak 1264 (Fig. 3) 
are at respective elevations of about 50, 130, 
190, 310, 410, 440, 530, 690, 750, 860, 930, 1030, 
and 1140 feet above present sea level. Even the 
uppermost terrace is characterized by well- 
rounded pebbles of rock types foreign to the 
immediate area. The authors have not recog- 
nized terraces this high along the coast south 
of Punta Banda. The lowermost terraces of 
this region have yielded an abundant late 
Pleistocene fauna (Emerson, 1956), but little 
is known of the age of the older terraces; per- 
haps some of the highest are pre-Pleistocene. 

A thick zone of pulverized rock is associated 
with the northern branch of the Agua Blanca 
fault throughout this sector, and perhaps the 
best exposures are in road cuts near the high- 
way pass (a fault saddle) at Km 148. The crushed 
zone here is nearly a quarter of a mile wide and 
comprises slices of various types of altered 
andesitic pre-batholithic rocks. Recent activity 
on the fault is indicated by a linear closed 
depression on the crest of the ridge 1500 feet 
west of Km 148. 
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PUNTA BANDA-SANTO TOMAS SECTOR 


Southern Branch 


In contrast to the northern branch of the 
Agua Blanca fault, the southern branch shows 
no evidence of Recent displacement for at 
least 10 miles inland from its intersection with 
the coast line at Bahfa Soledad (Fig. 3). In 
this sector the fault has, in a general way, 
controlled the course of the Rio Santo Tomas, 
but the principal evidences of faulting are (1) 
a marked zone of pulverized rock, and (2) the 
juxtaposition of contrasting rock types. Expo- 
sures of the fault within 2 miles of the coast are 
lacking because of massive landsliding in the 
Upper Cretaceous shales. 

The crushed zone along this branch of the 
fault is particularly well exposed in the stream- 
cliffs half a mile west of Rancho Marjoram 
(Fig. 3). Several poorer exposures exist farther 
west, as on the trail to Bahia Soledad. Upper 
Cretaceous beds of the Rosario formation are 
offset in this coastal area, so that a left-lateral 
separation of 414 miles appears on Figure 3. 
It is not necessary, however, that this separa- 
tion be caused by strike-slip fault movement; 
the Late Cretaceous shore line was highly 
irregular, and the 3000-foot elevation of Upper 
Cretaceous(?) basal conglomerates on the 
ridge north of the fault suggests a considerable 
vertical component of displacement. Even if 
these ridge-capping conglomerates are not 
Upper Cretaceous, vertical displacement along 
the fault is indicated, inasmuch as no other 
post-batholithic sedimentary rocks are known 
at such elevations in this area. 

Another clue to fault displacement in this 
area is the possible offset of the rudistid lime- 
stone beds of the pre-batholithic section. These 
distinctive rocks apparently occur in only one 
limited zone in the stratigraphic column, and 
steeply dipping beds of this unit form con- 
tinuous outcrops for more than 80 miles south- 
east from Punta China (Fig. 3) (Silver, Stehli 
and Allen, in press). Although local structural 
complications certainly exist at Punta China, 
these beds would intersect the fault about 5 
miles out to sea if projected northwestward with 
the regional trend. A thick fossiliferous lime- 
stone of similar Albian age and generally similar 
trend crops out north of the fault on the south 
flank of peak 3484 (Fig. 3) and is truncated by 
the fault so as to suggest a right-lateral dis- 
placement of about 11 miles. This argument, 
however, is only suggestive at best; we have 
not demonstrated conclusively that the two 


465 


limestone units are correlative or that the 
limestones on the south are truncated by the 
fault. Nevertheless, these lines of evidence, 
when considered with the offshore submarine 
topography and the known relations elsewhere 
along the fault, suggest to us a strong compo- 
nent of right-handed strike-slip on this branch 
of the fault. 

Farther east along the south branch of the 
fault, evidence for Recent displacements be- 
comes abundant. Numerous scarplets and 
conspicuous triangular facets are present along 
the south wall of Valle de Santo Tomas west of 
the village. These Recent features do not appear 
to demand strike-slip movement, although the 
peculiar reversed course at the mouth of 
Arroyo Chocolate is consistent with right- 
lateral displacement. 


AcuA BLANCA SECTOR 
Valle de Santo Tomés 


Valle de Santo Tomas (Fig. 5; Pl. 2, fig. 1) is 
a fault-controlled valley whose relief is due both 
to erosion in the fault zone and to actual fault 
displacements along the valley’s margins. This 
is the area of juncture of the north and south 
branches of the fault, and undoubtedly more 
breaks underlie the alluviated valley floor than 
are shown in Figure 5. Southwest of Rancho 
Dolores, for example, several outlying hills are 
composed of thoroughly brecciated rhyolite, 
and this cataclasis must be related to faulting 
that is not directly reflected in Recent displace- 
ments. 

Along the north side of the valley, the north- 
ern branch of the fault is not everywhere 
obvious because: (1) the fault trace is parallel 
to the strike of the stratification of the pre- 
batholithic volcanic rocks; (2) the fault has not 
been recently active over this entire segment; 
and (3) massive landslides probably have 
concealed parts of the fault trace. Near the 
mouth of Cafion Verde, for example, the rocks 
on the two sides of the fault are similar, and 
there is no marked crushed zone. Possibly 
these anomalous relations are caused by massive 
bedding-plane landslides that have occurred 
intermittently with faulting; the stratification 
here strikes parallel to the fault and dips steeply 
south toward the valley floor. Continuation of 
the fault through this area, nevertheless, is 
indicated by marked lines of vegetation—re- 
flecting ground-water control by Recent dis- 
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AGUA BLANCA SECTOR 


placements—across the mouths of Cafion 
Verde and adjacent canyons. Ground-water 
effects are particularly well developed along 
this branch of the fault several miles farther 
east (Pl. 2, fig. 1C), and Recent scarps and a 
large closed depression in the intervening area 
testify to continuity of the fault. At the eastern 
end of the valley, an unbroken terrace covers 
the extended trace of the fault, indicating that 
Recent activity has been confined to limited 
segments; however, continuity of the major 
break across this area is demonstrated by a wide 
crushed zone exposed in the stream banks 
north of Rancho El Zacatén. 

The southern branch of the fault is delineated 
by a continuous Recent scarp in the valley 
floor that extends 2 miles east from the village 
of Santo Tomas (PI. 2, fig. 1B). Several large 
springs occur along the fault near the village 
and were responsible for establishment of the 
Dominican mission here in 1794 (Meigs, 1935, 
p. 91). Farther east along this same break, the 
principal evidence of Recent movement is a 
marked vegetative line—almost invisible on 
the ground—that reflects differences in ground- 
water levels on the two sides of the fault (Pl. 
2, fig. 1A). The crushed zone of the southern 


| branch of the fault in this area is particularly 


| well exposed along the highway grade between 
| Km 163 and Km 164, where the fault zone 





contains wedges of pulverized rhyolite por- 
phyry, basalt porphyry, and andesitic tuffs and 
breccias. Landsliding has further complicated 
the relationships on this steep slope. 


Valle de Agua Blanca 


Valle de Agua Blanca has been designated as 
the type locality of the Agua Blanca fault 
(Allen, Silver, and Stehli, 1956), because the 
fault is limited there to one clearly defined 
zone and shows exceptionally well most of the 
geologic features typical to this fault (Pl. 2, 


| fig. 2). 


Valle de Agua Blanca is a classic rift feature, 
exhibiting in every way except scale the rift 
characteristics of the San Andreas fault so 
clearly described 50 years ago by G. K. Gilbert 
(in Lawson et al., 1908, p. 25-30): the fault zone 


i consists of numerous parallel and interfingering 


breaks, some more recently active than others; 
the valley is at least in part a structural trough, 
not solely the product of stream erosion; the 
trough is remarkably straight; stream drainages 
are anomalous and generally trend across the 
valley rather than along it; springs and swampy 
areas are abundant and commonly are asso- 
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ciated with Recent scarplets; side-hill ridges 
are locally well developed; as followed along 
their traces, Recent scarps reverse the directions 
in which they face; and small ridges and valleys 
are common parallel to and within the rift. 
Most of the rock types in this region have 
similar resistance to erosion, however, so that 
individual fault slices do not attain the same 
degree of differential relief that is common 
along many parts of the San Andreas fault. 
Most of these features are shown in Plate 3 
and Figure 6. 

Right-lateral stream offsets are characteristic 
of nearly all the individual breaks of this area. 
Particularly conspicuous among these are the 
following: (1) the arroyo walls at Rancho La 
Cocina (Figs. 5, 6) are clearly offset about 150 
feet along the line of Recent scarps, as are 
many drainages in the next 2 miles to the west; 
(2) a small arroyo half a mile east of Rancho 
Agua Blanca (PI. 3A) is sharply offset about 175 
feet in line with a break that forms a very 
fresh-appearing scarp to the west and a con- 
spicuous side-hill sag to the east; (3) Cafion de 
Las Cuevas is offset about 600 feet where 
crossed by the most recent break (Fig. 6), and 
an abandoned channel just south of the fault 
here suggests that the next canyon to the east 
once exhibited a still larger offset. 

Ground-water effects are particularly marked 
where the many normally dry washes cross the 
fault zone nearly at right angles. Perhaps the 
most conspicuous of these effects is the ground- 
water damming at Rancho Agua Blanca (PI. 3). 

The zone of crushed rock is poorly exposed 
within the Valle de Agua Blanca because here 
the valley floor is mantled with alluvium. But 
west of the valley, particularly north of 
Rancho San Angelo (Fig. 6), white crushed 
granitic rocks in the fault zone are in marked 
contrast to the adjacent dark unbroken meta- 
volcanic rocks and are visible from points many 
miles away. East of Valle de Agua Blanca, 
the fault zone is deeply dissected by streams 
tributary to the Rio San Vicente (Fig. 6), so 
that in Arroyo Cieneguitas, for example, a 
1000-foot thickness of pulverized quartz 
diorite is well exposed in the canyon walls. 


Fault Displacement in Valle de Agua Blanca 


General approach.—Evidence for about 3 
miles of right-handed strike-slip in Valle de 
Agua Blanca is demonstrated by distinctive 
fan gravels south of the fault that are laterally 
offset from their source area across the fault to 
the north. The crystalline bedrock evidently 
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FicurE 6.—GEoLocic Map or Acua Bianca FAautt aT TypE Loca.ity 
This map shows geologic evidence for 3 miles of Quaternary(?) right-lateral displacement described in text. 
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has been displaced even more—possibly as 
much as 14 miles. Theseconclusions necessarily 
depend upon a knowledge of the crystalline 
rocks of this area; therefore the major rock 
types will be discussed before specific evidence 
for lateral displacement is presented. 

Pre-batholithic rocks—The oldest rocks both 
north and south of the fault in Valle de Agua 
Blanca are metavolcanic tuffs, breccias, flows, 
and tuffaceous sedimentary rocks, but these 
rocks display a marked contrast in degree of 
metamorphism on opposite sides of the fault. 
On the north the rocks generally retain all 
their original pyroclastic and epiclastic textures; 
the only common metamorphic effect is the 
incipient appearance of very fine-grained (0.02 
mm) red-brown mica among the finer-grained 
minerals. On the south, however, original tex- 
tures are almost entirely replaced by phyllitic 
and schistose textures. In rocks exposed near 
the junction of Cafion de Las Cuevas and Rio 
San Vincente (Fig. 6; Pl. 2, fig. 2), the rank of 
metamorphism attained corresponds to the 
amphibolite facies, and highly sheared migma- 
titic schist and gneiss are well exposed in the 
walls of both these canyons. 

The structural trends in these older rocks are 
generally similar on both sides of the fault 
except where locally modified near younger 


| plutons. The bedding and foliation, where 


observed, strike N. 00-30°W., with dips near 
vertical. 

Las Cuevas granodiorite—The type area of 
the Las Cuevas granodiorite is here designated 
as Cafion de Las Cuevas (Fig. 6), where out- 
crops are particularly widespread. Outside the 
area of Figure 6 the outline of the pluton is not 
known exactly, but observations of float 
indicate that it cannot extend into drainages 
farther west and cannot extend east for dis- 
tances of more than 214 miles. Thus the pluton 
is relatively limited in areal extent, and the 
rock type is distinct from those observed else 
where in the area of this study. 

The predominant rock type of the Las Cuevas 
pluton is a fine-grained equigranular biotite- 
hornblende granodiorite. Its approximate com- 
position is: quartz, 30 per cent; antiperthitic 
oligoclase and albite (Abgs-95), 50-55 per cent; 
microcline-microperthite, 10-15 per cent; blue- 
green hornblende, 3-5 per cent; green-brown 
biotite, 2-6 per cent. Accessory minerals include 
iron ores, zircon, sphene, apatite, and allanite; 
alteration minerals include sericite, chlorite, 
clay(?), clinozoisite, and carbonate. A distinc- 
tive textural feature results from the abundant 
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anhedral quartz grains—consistently about 1 
mm in diameter—distributed with almost 
mosaic regularity throughout the rock. On the 
unusually smooth exfoliation surfaces of 
weathered boulders, individual quartz grains 
have regular fractures that give the weathered 
surface a distinctive glossiness in reflected light. 

The Las Cuevas granodiorite shows a history 
of both protoclastic and cataciastic modifica- 
tion. The quartz displays extreme undulatory 
extinction; feldspar grains commonly are bent 
or broken and are healed by minute veinlets of 
quartz, microcline, and biotite. Original horn- 
blende crystals typically now are parts of some- 
what sheared aggregates of biotite and horn- 
blende. Although most of these effects appar- 
ently were protoclastic and accompanied by 
recrystallization, the quartz grains also have 
been broken by younger shearing that has 
developed sutured contacts and trains of quartz 
“mortar”. These cataclastic textures are 
widespread but become more prevalent close to 
the fault zone. 

The most distinctive microscopic character- 
istic of this rock is the extreme development of 
antiperthite. Microcline that is itself commonly 
a braided microperthite has pervasively at- 
tacked and replaced the plagioclase both 
internally and externally. This phenomenon 
appears to have been in part contemporaneous 
with the protoclastic history. 

Only one important variant to the typical 
granodiorite has been observed in this pluton. 
Along the southwest contact (Localities 20 and 
21, Fig. 6) is a distinctive border facies con- 
containing dark-green xenolithic inclusions 
amounting to as much as 60 per cent by volume. 
These inclusions range from half an inch to 6 
inches in diameter and give the weathered 
surface of the rock the appearance of plum 
pudding; we have assigned to such material 
the field name of hybrid rock. Scattered inclu- 
sions are present throughout the Las Cuevas 
pluton, but only in this area is the distinctive 
hybrid rock texture evident. 

The dark inclusions in the hybrid rock are 
typically composed of 30-45 per cent green 
hornblende, 40-60 per cent sodic laboradorite 
or andesine, and 1-5 per cent quartz and 
minor accessory minerals. The fragments 
appear to be somewhat recrystallized clasts of 
the older andesitic metavolcanic rocks. A 
general similarity of the granodioritic matrix 
of the hybrid rock to the granodiorite of the 
main Las Cuevas mass is apparent, although 
the hornblende content is higher in the matrix, 
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the quartz texture is slightly micrographic in 
some places, and the plagioclase is distinctly 
more calcic and somewhat less antiperthitic. 

Agua Blanca granodiorite-—A second pluton 
of this region consists of the Agua Blanca 
granodiorite, named from the excellent expo- 
sures half a mile south of Rancho Agua Blanca 
(Fig. 6; Pl. 3). This rock, too, is a biotite- 
hornblende granodiorite; its approximate com- 
position is: quartz, 25-30 per cent; plagioclase, 
45-55 per cent; microcline, 5-10 per cent; 
hornblende, 5-8 per cent; biotite, 4-6 per cent; 
accessory minerals (ores, sphene, zircon, 
apatite) and alteration minerals (chlorite, 
sericite, epidote), 2-3 per cent. The rock has a 
slightly foliated texture, with considerable 
variation in the grain size (0.2-8 mm) and abun- 
dance of dark minerals. Protoclastic modifica- 
tion of the normal granodioritic texture is 
evident in thin section. 

Although grossly similar in composition to 
the Las Cuevas granodiorite, the Agua Blanca 
granodiorite can be clearly distinguished as 
follows: 

(1) The seriate grain-size distribution, some- 
what variable mean grain size, and subhedral 
grain shape of the Agua Blanca granodiorite 
contrast with the equigranular, equidimen- 
sional, anhedral texture of the Las Cuevas 
granodiorite. 

(2) Boulders of the Las Cuevas granodiorite 
weather with distinctive smooth, glossy surfaces 
of exfoliation that are lacking on weathered 
boulders derived from the Agua Blanca mass. 

(3) The Agua Blanca plagioclase is sub- 
hedral to euhedral and strongly zoned; single 
crystals range in composition from calcic 
laboradorite to oligoclase; and the average 
composition is sodic andesine or calcic oligo- 


ALLEN ET AL.—AGUA BLANCA FAULT, BAJA CALIFORNIA 


clase. The plagioclase of the Las Cuevas 
granodiorite is anhedral sodic oligoclase of 
albite, unzoned or only slightly zoned, and 
distinctly antiperthitic. 

(4) No inclusion-rich border facies similar t 
the Las Cuevas hybrid rock has been obsery 
in the Agua Blanca pluton. z 

Other plutonic rocks—Quartz diorite crops out 
south of and within the fault zone through 
much of Valle de Agua Blanca (Fig. 6). This 
rock is typically medium- to coarse-grained, 
hypidiomorphic, and inequigranular, with @ 
composition of: quartz, 20-25 per cent; ande 
sine, 50-60 per cent; microcline, 0-5 per cent} 
biotite, 5-12 per cent; and hornblende, 5-10 per 
cent. In most places the quartz diorite is so 
thoroughly shattered that it could not have 
contributed boulders to the alluvial fans. Two 
exceptions are at locality 6 (Fig. 6; Pl. 3) and 
on the slopes south of Rancho La Cocina (Fig. 
6). Boulders from these areas are readily 
distinguishable from boulders of Las Cuevas 
granodiorite by their coarser texture, tabular 
subhedral or euhedral andesine, absence of 
antiperthitic feldspars, and the presence of 
large (3-5 mm) crystals of hornblende and 
biotite. 

A small mass of micrographic hornblende 
granodiorite crops out about 1 mile northeast of 
Rancho La Cocina (locality 1, Fig. 6 and Pl. 3), 
Although compositionally similar to the Las 
Cuevas granodiorite, it is texturally distinct. The 
rock is a fine-grained aggregate of tabular sub- 
hedral plagioclase and quartz. No _ textures 
resembling this have been observed in clasts 
in the older fan gravels or in any of the other 
plutonic rocks of the area. 

Gabbroic rocks with diverse textures and 
compositions occur in at least four localities 





Prate 1.—PHYSIOGRAPHIC FEATURES OF FAULTING 


FicurE 1.—Right-lateral stream offsets along Agua Blanca fault at base of Punta Banda Ridge near 
Km 136. Photograph is taken from point B on Figure 4, which is a sketch map of stream drainages in this 


area. Note vegetative line along fault. 


Ficure 2.—Aerial view of disturbed topography on north side of Punta Banda Ridge, 414 miles south 
of El Maneadero (Fig. 3). Rocks on near (north) side of fault are fan gravels and steeply dipping Tertiary(?) 
sedimentary rocks; rocks on far side are Cretaceous metamorphic and plutonic rocks. 


Pirate 2.—AERIAL VIEWS OF FAULT TOWARD ITS WESTERN END 


FicurE 1.—Valle de Santo Tomds, looking west. Traces of both branches of the fault are delineated. Note 
vegetative lines caused by Recent displacements at A, B, and C. Figures 3 and 5 are maps that include 


most of the area of this photograph. 


Ficure 2.—Aerial view west into Valle de Agua Blanca, which is a rift valley in the fault zone. The 
named localities may also be identified on the geologic sketch map of this area, Figure 6. 
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on both sides of Valle de Agua Blanca. They 
are typically hornblende gabbros and diorites 
commonly in part uralitized. In contrast to the 
general textural diversity, the textural equiva- 
lent ‘of the medium-grained equigranular 
hornblende gabbro found among the older fan 
gravels has been seen in only two areas of 
bedrock exposure. The more prominent of these 
is in the upper Cafion de Las Cuevas, where 
many large inclusions of similar gabbro appear 
in the Las Cuevas granodiorite. The other 
locality is in a ravine northwest of Rancho 
Agua Blanca (near locality 3, Fig. 6 and PI. 3), 
but this rock is considerably brecciated and 
may be part of a slice within the fault zone. 

Lateral displacement of alluvial fans.—An 
uplifted and slightly dissected alluvial fan 
that we have called the Agua Blanca fan lies 
mainly southwest of Rancho Agua Blanca 
(Fig. 6; Pl. 3). Since its development, this fan 
has been laterally displaced about 3 miles 
relative to its source area by right-handed strike 
slip on the Agua Blanca fault, as is indicated 
by the following features: 

(1) Although the morphology of Valle de 
Agua Blanca gives the impression of a graben 
cutting across a series of formerly continuous 
southward-sloping alluvial fans (Pl. 2, fig. 2) 
the compositions of these fans on the two sides 
of the apparent graben makes this interpreta- 
tion untenable (Table 1). The uplifted fans at 
localities 2 and 11 (Fig. 6; Pl. 3) are entirely 
different in composition from the nearly 
adjacent Agua Blanca fan across the fault zone 
to the south. The rock types characteristic of 
the Agua B!:nca fan could have been derived 
only from the area underlain by Las Cuevas 
granodiorite. Not only are the Las Cuevas 
granodiorite and hybrid rock distinctive rock 
types, but the proportions of these and other 
types are reasonable for the relative abundances 
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in the outcrop areas. Some of the boulders on 
the Agua Blanca fan are of gabbro that was 
injected by Las Cuevas granodiorite; similar 
relations are observed in the upper Cafion de 
Las Cuevas. 

(2) The Agua Blanca fan contains abundant 
clasts of Las Cuevas hybrid rock only at its 
west end (localities 4, 26, 28), which is con- 
sistent with the bedrock position of the hybrid 
rock at the western contact of the Las Cuevas 
pluton. This relation provides the best evidence 
of the amount of fault displacement of the 
fan, which is about 3 miles. 

(3) The possibility that the Agua Blanca 
fan could have been derived solely by westward 
stream flow from the Las Cuevas area without 
lateral fault displacement—is ruled out for 
three reasons: (a) The sharp compositional 
contrast between the nearly adjacent fans 
north and south of the fault would be almost 
impossible to explain this way. (b) If the fans 
once sloped west, clasts of quartz diorite and 
Agua Blanca granodiorite should have aug- 
mented the Las Cuevas boulders on the fan. 
This has not happened, and instead the Agua 
Blanca fan probably has always sloped south 
and been dominated by the steep mountains 
north of the fault. (c) The observed distribu- 
tion of hybrid-zock fragments would be most 
unlikely with this interpretation. 

We do not contend that the Agua Blanca 
fan is necessarily the offset portion of the incised 
fan that now lies north of the fault at the mouth 
of Cafion de Las Cuevas (Fig. 6; Pl. 2, fig. 2), 
although this latter fan certainly is truncated 
by the fault and probably is correlative. Our 
principal argument is that the Agua Blanca fan 
must have been formed when it was 3 miles 
farther east relative to the north block. The 
slight degree of dissection of the surface of the 
Agua Blanca fan suggests that this deposit is 





Pirate 3.—OBLIQUE AERIAL VIEW OF RANCHO AGUA BLANCA 


Numbered sites are rock-collection or boulder-count localities, as indicated on Figure 6. Recent fault 
displacements have dammed ground water, causing vegetative line across canyon near ranch. Note promi- 
nent right-lateral stream offset (about 175 feet) at A. North-facing Recent scarp between A and ranch 
reverses direction of throw as traced toward bottom of photograph. 


Pirate 4.—AERIAL VIEWS OF FAULT TOWARD ITS EASTERN END 


Ficure 1.—Cajion de Dolores, looking east from above Valle de Agua Blanca. The canyon is eroded in 
crushed rocks of the Agua Blanca fault zone for almost 15 miles. Figure 7 is a sketch map of this area. 

Ficure 2.—Valle de La Trinidad, looking east from above its western end. Agua Blanca fault enters 
the valley in center foreground (note vegetative line, “‘A’’) and is responsible for the existence vi this anoma- 
lous east-west breach in the mountainous backbone of the peninsula. Figure 8 is a sketch map of this area. 
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of Quaternary age, and the 3-mile separation is 
therefore thought to represent a Quaternary 
displacement. 

Possible bedrock displacements —The differ- 
ences in bedrock types across the Agua Blanca 
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ment is less than that observed in the Las 
Cuevas pluton, the correlation is felt to be 
sound and strongly suggests a right-lateral 
displacement of at least 7 miles. But whether 
or not this particular correlation is valid, no 


TABLE 1.—PERCENTAGES OF ROCK TYPES IN BOULDERS OF ALLUVIAL FANS 


Locality numbers are keyed to Figure 6 and Plate 3. Most figures represent counts of 200 boulders, 


each more than 6 inches in diameter. 
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fault in this area suggest that the total lateral 
displacement must be greater than the 3 miles 
indicated by the displaced alluvial fans. We 
have not yet been successful in matching any 
crystalline rock masses across the fault in this 
region, other than the widespread metavolcanic 
series. In particular, the offset portion of the 
distinctive Las Cuevas pluton has not yet been 
identified south of the fault; we have seen no 
corresponding rock mass in this area or for at 
least 12 miles to the west. Within the fault 
zone, however, slices of distinctive rock types 
suggest right-lateral displacements of 7-14 
miles. 

Slices of intensely sheared and altered white 
granitoid rock crop out within the fault zone 
almost continuously from half a mile west of 
Rancho La Cocina to north of Rancho San 
Angelo an interval of more than 3 miles (Fig. 
5). Although in most places this rock can be 
identified only as crushed quartz-bearing 
“granitic” rock, the slices cannot have been 
derived from the rock masses immediately north 
or south of the fault zone in this area, inasmuch 
as these adjacent rocks are either metavolcanic 
or gabbroic types. Within the fault zone only 
one specimen was found sufficiently well pre- 
served to justify petrographic comparison; 
this was obtained from a slice about 2 miles 
west of Rancho La Cocina (Fig. 5, locality 27). 
The rock is remarkably similar to the Las 
Cuevas granodiorite: it is a fine-grained equi- 
granular granodiorite showing antiperthitic 
replacement of sodic plagioclase by potassic 
feldspar. Even though the degree of replace- 


other intrusive mass occurs in a position to 
suggest a lesser displacement in either a right 
lateral or left-lateral sense. It is unlikely that 
predominantly vertical movements could have 
introduced a slice of plutonic rock between walls 
of older metavolcanic rocks, but this possibility 
cannot be ruled out. 

A fault slice of crushed quartz diorite crops 
out 1 milenortheast of Rancho San Angelo and 
may indicate an even larger lateral displacement. 
The nearest known quartz diorite bedrock is 
south of Rancho La Cocina, but this cannot be 
a possible source if the thesis of right-lateral 
movement is accepted. The nearest known 
quartz diorite on the north side of the fault is in 
Cajion de Dolores near its junction with Cafion 


de San Lorenzo (Fig. 7), which represents a 14 | 


mile separation. In the absence of better petro- 
graphic comparisons and more adequate regional 
mapping, however, this figure is only suggestive. 


CANON DE DOLORES SECTOR 


For more than 15 miles, the straight gorge 
of Cafion de Dolores (Fig. 7; Pl. 4, fig. 1) is 
controlled by the Agua Blanca fault. Indeed, 
the canyon is so straight, in contrast to the 
dendritic patterns otherwise typical of this 
region, that the lineament shows up well on 
photographs taken from rockets over White 
Sands, New Mexico. Cajfion de Dolores is a 
fault-line feature; the canyon is caused pri- 
marily by erosion in the crushed rock of the 
fault zone rather than by actual fault displace- 
ments. Evidence for the continuity of the 
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crushed zone can be observed in the canyon 
walls over most of the canyon’s length. 

A good cross section of the fault zone is 
exposed just west of the westernmost springs 
shown in Figure 7. The crushed zone here is 
more than a quarter of a mile wide and is 
characterized by predominantly gneissic grano- 
diorite and quartz diorite. North of this zone 
metavolcanic rocks have been intruded by 
granodiorite and gabbro. Rocks south of the 
fault in this area and for several miles to the 
west are more highly metamorphosed than are 
those across the fault to the north, perhaps 
because they lie near the border of a large 
pluton. The principal rock types are sheared 
migmatized gabbro, amphibolitic gneiss and 
schist, and quartz diorite. East of the junction 
of Cafion de Dolores and Cafion de San Lorenzo 
(Fig. 7), the predominant rock type both north 
and south of the fault is quartz diorite. 

Proof of Recent displacement is difficult to 
find within Cafion de Dolores, inasmuch as 
stream-cut embankments are easily confused 
with fault scarps. Between the mouths of 
Cafion de San Lorenzo and Valle de San Pablo, 
however, several escarpments along the south 
side of the valley floor cross alluvial cones with 
changes in elevation that rule out the possi- 
bility of the escarpments being stream-cut 
features. 

Above the mouth of Valle de San Pablo, 
Cafion de Dolores narrows considerably and 
affords good exposures of the crushed zone. Six 
miles east of this junction is one of the few 
wedges of sedimentary rock that are caught in 
the fault zone in this region; here steeply dip- 
ping tuffaceous volcanic conglomerates on the 
north are faulted against intensely fractured 
quartz diorite on the south. The sedimentary 
rocks are similar to those beneath the volcanic 
capping of the southern Sierra Judrez. About 1 
mile farther east, on the crest of the ridge 
separating Cafion de Dolores from Valle de 
La Trinidad, three elongate closed depressions 
are aligned along the trace of the fault. These 
constitute the best proof of recency of displace- 
ment on the Agua Blanca fault in this region, 
and substantiating evidence is given by a 
distinctive vegetative line (Pl. 4, fig. 2A) and 
eroded fault scarps still farther east on the 
northwest slopes of Valle de La Trinidad (Fig. 
7). 

Limited reconnaissance north of the main 
fault zone in the Cajion de Dolores and adjacent 
sectors indicates that a number of linear east- 
trending valleys may be controlled by faults 
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subsidiary to the Agua Blanca. Figure 7 shows 
one such alignment 3 miles north of Cafion de 
Dolores delineated by tributaries of Cafion de 
San Lorenzo and Valle de San Pablo. 





VALLE DE LA TRINIDAD SECTOR } 


Valle de La Trinidad is a broad alluviated | 
trough, 20 miles in length, that cuts athwart the 
north-trending mountainous “backbone” of | 
Baja California (Fig. 8; Pl. 4, fig. 2). Most of 
the valley is drained by a stream system that 
flows west toward the Pacific Ocean, but the 
east end of the valley is being captured by 
streams which drain east toward the closed 
depression of Valle de San Felipe (Fig. 2). The 
drainage divide between these two systems is so 
gentle and obscure that the name Paso San 
Matias generally is not applied to the indistinct 
“summit” of the pass, but instead to the rugged 
canyon 5 miles farther east that leads down into 
the Valle de San Felipe. The Valle de La Trini- 
dad is remarkably straight and is bordered by 
generally straight walls on the north. These 
features reflect tectonic control rather than 
normal erosional development, and it is note- | 
worthy that the above physiographic description 
would apply almost equally well to the next 
major break in the Peninsular Ranges—San 
Gorgonio Pass, some 200 miles to the north. In 
San Gorgonio Pass, too, the north-trending 
range is abruptly broken by a deep transverse 
trough, stream drainage are markedly anoma- 
lous, the summit is indistinct, and_ tectonic 
control—here related to the Transverse 
Ranges—appears to be dominant (Russell, 
1932; Allen, 1957, p. 318, 347). 

The best exposures of the Agua Blanca 
fault in Valle de La Trinidad are found along | 
the base of the lava-capped mesa 3 miles east of | 
Colonio Lazaro Cardenas (Fig. 8; Pl. 4, fig. 2). | 
Massive landsliding evidently has occurred 
intermittently with faulting along this escarp- 
ment, but, in general, Upper Cenozoic volcanic 
and associated sedimentary rocks north of the 
fault have been brought into juxtaposition with 
deformed nonmarine sedimentary rocks on the 
south. Half a mile north of corral No. 1 (Fig. 
8), a fault slice of quartz diorite—foreign to 
the immediate vicinity—lies between these 
two units. The andesitic flow rocks that cap 
the mesa north of the fault are underlain by 
well-sorted, cross-bedded, eolian(?) sandstones, 
whereas the fluviatile and lacustrine rocks south 
of the fault comprise poorly sorted muddy sand- 
stones and conglomerates with clasts of pegma- 
tite, gabbro, and volcanic rocks including types 
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different from those across the fault to the 
north. Thus, although some landsliding un- 
doubtedly has occurred here, fault displacement 
is necessary to complete the explanation of the 
geologic relationships. One mile northeast of 
corral No. 1, conglomerates south of the break 
are in fault contact with water-laid tuffaceous 
rocks that contain abundant fresh-water fossils 
but the relationship of these fossiliferous rocks 
to the mesa-capping andesites is not clear. 

Displacements on the Agua Blanca fault have 
been sufficiently recent to leave fault scarps in 
these older, dissected rocks, but not recent 
enough for scarps or ground-water effects to be 
visible on the adjacent “active” alluvial fans. 
Half a mile east of corral No. 1, Recent dis- 
placements within the tilted nonmarine sedi- 
mentary rocks have left well-developed side- 
hill sags along the south flank of the hill, in ad- 
dition to several right-lateral stream offsets of 
50 to 100 feet. This is the easternmost evidence 
that we have seen of right-lateral displacement 
on the Agua Blanca fault. 

Numerous dissected fault scarps displace 
nonmarine sedimentary rocks north of corral 
No. 2, and these rocks are in turn faulted 
against crystalline rocks along a northwest- 
trending fault that shows considerable vertical 
displacement of the mesa-capping lavas (Fig. 
8). These lavas are here underlain by water-laid 
tuffs and sandstones, but the relationship of 
these pre- and intravolcanic rocks to the other 
nearby sedimentary rocks is obscure; certainly 
some of the little-deformed sandstones and 
conglomerates, such as many of those in Arroyo 
El Carrizo and along the south side of Valle de 
La Trinidad, represent dissected valley-fill 
material that is considerably younger than the 
mesa-capping lavas. 

East of corral No. 2, the Agua Blanca fault is 
manifested solely by the very straight, steep 
mountain front along the north side of the 
valley, together with scattered well-dissected 
scarplets at the base of this front. A small out- 
crop of volcanic rock on the floor of the valley 
near its eastern end (Fig. 8) is a dense olivine 
basalt unlike most of the mesa-capping volcanic 
rocks; possibly this basalt represents Quater- 
nary outpouring of lava along the fault itself. 

Evidence pertaining to displacement along 
the fault in Valle de La Trinidad is sparse: 
right-lateral stream offsets east of corral No. 1 
indicate 50 to 100 feet of Recent strike-slip 
movement, and the general absence of volcanic 
rocks capping the mountains south of the fault, 
when compared to the abundant flows to the 
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north, suggests that the south side has been 
relatively raised. This notion also is supported 
by the comparative elevations of the Sierra San 
Pedro MArtir and the Sierra Judrez. Between 
corrals Nos. 1 and 2, volcanic rocks crop out 
south of what is presumed to be the main fault 
zone, but significantly these flows rest directly, | 
or near directly, on crystalline rocks, whereas | 
the flows across the fault to the north and 
northwest rest on considerable thicknesses of 
sedimentary rocks. High relief evidently char- | 
acterized the area during or prior to the period | 
of volcanic activity, and possibly this relief was } 
a result of still earlier movements on the Agua 
Blanca fault. 

Crystalline rocks north and south of the 
fault in this sector are generally similar, and 
those north and south of corral No. 2 are so 
similar that they suggest only small displace- 
ment on the fault. These rocks are quartz 
diorites—in some places markedly foliated and 
even schistose—that have been pervasively in- 
truded by pegmatite and aplite dikes. Several 
miles east and west of this area, on both sides of 
the fault, the rock type becomes predom- 
inantly massive quartz diorite. 

The eastern termination of the Agua Blanca 
fault remains problematical. There is no con- 
spicuous crushed zone on the projection of the 
fault in Paso San Matias, where exposures are 
good, and there is no obvious landsliding or 
thrusting that might have concealed the fault 
trace. East of Paso San Matias, the alluviated 
desert floor of Valle de San Felipe as seen from 
the air does not appear to be broken, but the 
next bedrock range eastward—almost to the 
Gulf of California—has not been examined. 
Tentatively we must conclude that the Agua 
Blanca fault dies out in the vicinity of Paso San 
Matias, but the possibility of its continuing 
farther east or being offset by another fault can- 
not be discounted. 











OFFSHORE SECTOR 


The anomalous submarine topography off 
Punta Banda and Punta Santo Tomas (Fig. 9) 
was first pointed out by Davidson (1897, p. 
101) and first attributed to faulting by Bése 
and Wittich (1913, p. 326, 459). These two 
areas are in line with the two branches of the 
Agua Blanca fault. 

The submarine projection of Punta Santo 
Tomas extends several miles out to sea, so that 
depths of only 65 fathoms are recorded as much 
as 13 miles off the point. The projection drops 
off steeply on the north, in approximate align- 
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ment with the southern branch of the fault, and 
the topography is consistent with right-lateral 
displacement. 

A series of steep, sharp submarine ridges 
extends northwest from Punta Banda and very 
nearly meets a similar group of ridges that ex- 
tends southeast from Islas Todos Santos (Fig. 
9), but a narrow 215-fathom-deep trench cuts 
across this alignment and prevents continuity 
of the ridges between the two localities (Walton, 
1955, p. 953-957). Certainly the over-all 
topography must be related to the offshore pro- 
jection of the north branch of the Agua Blanca 
fault, and possibly the individual ridges repre- 
sent fault slices. Although there is no indication 
on published charts that the deep channel 
between Punta Banda and the islands has been 
offset by the fault, the existence of Punta Banda 
itself supports the idea of right-lateral displace- 
ment. 

Northwest of Islas Todos Santos, the sub- 
marine contours give no clear indication of the 
prolongation of the Agua Blanca fault zone, but 
the density of soundings in this area is consider- 
ably less than one per square mile. It is interest- 
ing to speculate that the fault zone may indeed 
extend across this area and be continuous with 
the fault zone represented by the San Clemente 
basin and escarpment (Fig. 9). Shepard and 
Emery (1941, p. 21-25), in a detailed study of 
this northern area, have argued that the San 
Clemente escarpment and “rift valley” are 
truly fault features. Furthermore, the reversals 
in direction of slope of the scarp, and the 25- 
mile separation of San Clemente Island and 
Fortymile Bank (Fig. 9) were suggested as 
evidence of right-lateral displacement. First 
motions of a number of earthquakes in this 
area support the idea of this type of displace- 
ment (Gutenberg, 1941, Fig. 4), and several 
earthquakes that have occurred between 
Fortymile Bank and Punta Banda tend to 
support the hypothesis of a throughgoing fault 
zone. 

Another possibility is that the Agua Blanca 
fault turns so as to be continuous with the 
Coronado escarpment (Fig. 9), which is also 
thought to be fault-controlled (Emery et al., 
1952, p. 544). This would, however, necessitate 
an abrupt change in trend of the fault zone. 


SUMMARY OF EVIDENCE RELATING TO 
DISPLACEMENT 


(1) Fault scarps and related physiographic 
features indicate Recent movements along 


most, but not every part, of the Agua Blanca 
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fault from near Paso San Matias to the Pacific 
Ocean. In general, features of Recent move. 
ment are more abundant and fresher in appear. 
ance toward the west. 

(2) Stream offsets leave no doubt of Recent 
right-lateral displacements from east of Colonig } 
Lazaro Cardenas (Fig. 8) to Punta Banda Ridge | 
south of El Maneadero (Fig. 3). The most re. } 
cent appearing offsets average 150 to 200 feet, 
West from Valle de Agua Blanca, abandoned 
stream channels indicate offsets of as much as 
900 feet and suggest still larger displacements, 

(3) Quaternary(?) fan gravels laterally offset 
from their source area across the fault indicate 
about 3 miles of Quaternary(?) right-handed 
strike-slip in Valle de Agua Blanca. This is the 
greatest displacement that has been definitely 
demonstrated along the Agua Blanca fault. 

(4) Even prior to the 3-mile Quaternary(?) 
displacement in Valle de Agua Blanca, indi- 
vidual plutonic rock units would not have 
“matched” across the fault. This suggests that 
the total lateral displacement since Cretaceous 
time is greater than 3 miles, although vertical 
movements may have contributed to the dis-/ 
continuities. In Valle de Agua Blanca, 7 miles 
of post-Cretaceous right-lateral displacement is | 
very strongly suggested by a fault slice of dis- | 
tinctive antiperthitic granodiorite whose proba- 
ble bedrock source is known. The possibility of 
14 miles of right-lateral displacement is indi- 
cated by a nearby fault slice of quartz diorite 
whose correlation with a bedrock source is less 
certain, but nevertheless suggestive. 

(5) The 3000-foot elevation of basal Upper 
Cretaceous(?) beds north of the southem 
branch of the fault near Bahia Soledad suggests | 
considerable vertical component of movement 
along the fault in this area. 











(6) Cappings of Upper Cenozoic volcanic 
rocks are abundant on the Sierra Juarez but are | 
unknown farther south on the adjacent part of | 
the Sierra San Pedro MaArtir. This, together | 
with the relative elevations of these ranges, 
suggests that the Agua Blanca fault, which 
separates the two ranges, has had vertical dis- 
placement with the south side relatively raised. 

(7) The rudistid limestone zone in the Lower 
Cretaceous section is possibly offset about 11 
miles in a right-lateral sense near the mouth of 
the Rio Santo Tom4s, but the evidence is sug- 
gestive at best. 

(8) The topography of Punta Banda and 
Punta Santo Tom&s—with their submarine 
extensions—is best explained by right-lateral 
displacements amounting to several miles. 
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SUMMARY OF EVIDENCE RELATING TO DISPLACEMENT 


(9) Shepard and Emery (1941, p. 24) sug- 
gested 25 miles of right-lateral displacement on 
the San Clemente fault on the basis of the sepa- 
ration of San Clemente Island and Fortymile 
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general azimuth, Thus most of the epicenters 
plotted in Figure 10 have been assigned a “D” 
rating by the Seismological Laboratory in Pasa- 
dena; this means that their locations may be in 
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FicureE 10.—Map or EARTHQUAKE EPICENTERS IN NORTHERN BAJA CALIFORNIA, 
January 1, 1934 tro DeceMBER 31, 1955 
Locations may be in error by 10 miles or more. Where more than one shock occurred at a given epicenter; 
strain release has been summed to give an effective magnitude. P. St. Amand and C. F. Richter assisted in 


compiling these data. i 


Bank. The San Clemente fault must be tec- 
tonically related to the Agua Blanca fault; 
possibly they are part of the same zone. 

(10) The Agua Blanca fault juxtaposes 
“basement” rocks that are grossly similar on 
the two sides of the fault. These are dominantly 
pre-batholithic eugeosynclinal rocks that have 
been intruded by various types of Cretaceous 
plutons. This relationship does not rule out: the 
possibility of relatively large displacements, 
however, inasmuch as these rocks are of regidnal 
extent; they crop out in a north-south direction 
for at least 400 miles and are of unknown east- 
west extent. 


SEISMICITY 


Seismicity provides a further line of evidence 
bearing on the tectonic framework of northern 
Baja California. Epicenters of earthquakes of 
Magnitude 4.0 or greater that occurred from 
1934 through 1955 are plotted on Figure 10. 
Epicentral determinations for shocks south of 
the international border are hindered by the 
fact that all the seismograph stations of the 
southern California network lie in the same 


error by 10 miles or more, so that Figure 10 
could give a very misleading impression if this 
possible error were not kept in mind. 

Conclusions drawn from Figure 10 are (in 
part repeated from Allen, St. Amand, and 
Richter, 1958): 

(1) By far the greatest seismic activity in 
northern Baja California during this period has 
been along the San Andreas fault zone near the 
head of the Gulf of California. 

(2) The region surrounding San Diego has 
shown low seismicity during the period, and 
the geologic structure of this region supports the 
idea of a relatively unbroken, stable block. A 
zone of marked seismic activity, however, limits 
this block on the south at approximately the 
latitude of the Agua Blanca and San Miguel 
faults. Many epicenters shown within 20 miles 
of these faults in Figure 10 may actually repre- 
sent earthquakes on them, although a few are 
definitely farther north. The important point 
is that the Agua Blanca fault coincides in gross 
aspect with an east-west zone of seismic activ- 
ity in a region otherwise marked by relative 
quiescence. 
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(3) The relatively stable area surrounding 
San Diego is terminated on the west by a zone 
of seismic activity trending through San 
Clemente Island toward Punta Banda. This 
lends support to the idea of a throughgoing 
fracture zone, but the epicenters are too sparse 
and too inaccurately located to prove this. 

Outside the San Andreas fault zone, only one 
historical earthquake in Baja California has 
been associated with ground displacements. 
This is the 1956 shock on the San Miguel fault 
described by Shor and Roberts (1958). A much 
larger earthquake shook northern Baja Cali- 
fornia in 1892 (Townley and Allen, 1939, p. 87), 
but its epicenter is unknown; possibly it was 
caused by displacement on the Agua Blanca 
fault. Certainly the abundance of fresh scarps 
along this fault testifies to many such occur- 
rences within Recent time. 

Fault-plane solutions give little clue to the 
tectonics of northern Baja California because 
only one earthquake in recent years has been 
large enough to allow a solution using world- 
wide stations. This is the 1956 San Miguel 
earthquake, which was investigated by Hodg- 
son and Stevens (1958, p. 311-312) and gave 
two possible solutions: (a) left-lateral fault 
striking N. 19° E., dipping 85° S.E.; (b) right- 
lateral fault striking N. 72° W., dipping 72° 
N.E. The (b) solution corresponds well to the 
field observations of Shor and Roberts (1958) 
and to the line of aftershock epicenters. 

A series of moderate-sized earthquakes that 
occurred in 1954-1955 at the latitude of the 
Agua Blanca fault showed an east-west spread 
and independently suggested to Richter (1956, 
p. 162) the possibility of a transverse structure 
at this latitude. First motions of these earth- 
quakes at the Pasadena stations are compatible 
with right-lateral displacement on a fault of 
Agua Blanca trend, but also will permit faults 
of more northerly orientation, including the 
San Andreas trend. 

In the offshore area between Punta Banda 
and San Clemente Island, nearly all the earth- 
quakes investigated by Gutenberg (1941, Fig. 
4) had first motions compatible with right- 
lateral movement on northwest-trending faults. 
This is also true for most of the larger earth- 
quakes that have occurred in this area since the 
time of Gutenberg’s study, although the one 
conspicuous exception is the largest historical 
earthquake of the region—the 1951 shock of 
Magnitude 5.9 at the southeast corner of San 
Clemente Island (Fig. 10). Compressions were 
recorded at all stations of the Pasadena net- 
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work, which demands a large component of 
dip-slip movement. 


REGIONAL TECTONIC RELATIONSHIPS 





The Agua Blanca fault is markedly trans.) 
verse to the regional tectonic grain and, in par-| 
ticular, to the master fault of this region— 
the San Andreas. What is the tectonic signifi- 
cance of such an anomalous trend? 

Most of the east-trending faults of the Pacific 
southwest are associated with the Transverse 
Ranges of California (Fig. 1), but the southem 
limit of the Transverse Ranges is more than 
100 miles north of the Agua Blanca fault. Is it 
possible that the Agua Blanca fault represents 
another structural element similar to the Trans- 
verse Ranges? We believe not, for the following 
reasons: 

(1) Left-lateral displacement is common 
along many of the east-trending faults of the 
Transverse Ranges (Hill and Dibblee, 1953; 
Bailey and Jahns, 1954; Hill, 1954) and may 
typify the entire province.? Indeed, such regional 
left-lateral shearing may be responsible for the 





great change in trend of the San Andreas fault 
where it crosses the Transverse Range province, 
On the Agua Blanca fault, however, all evi- 
dence points to a history of right-lateral move- 
ment. 

(2) If the Agua Blanca fault were once 
parallel to the tectonic grain and has since been 
“bent” by regional left-lateral distortion—in a 
manner similar to the possible bending of the 
San Andreas fault in the Transverse Ranges— 
then the structure of the adjacent pre-batho- 
lithic rocks should show evidence of this distor- 
tion. But these rocks strike approximately N, 
30° W. not only in the vicinity of the Agua 


Blanca fault, but for more than 100 miles both} 


north and south as well. Thus a large change in 
relative orientation of this fault, at least since 
Early Cretaceous time, seems very unlikely. 
(3) The Transverse Ranges appear to be the 
continental extension of a great submarine fault 
system—the Murray fracture zone of Menard 





2 Right-lateral displacement has been suggested 
for the San Gabriel fault (Crowell, 1952) and the 
Banning fault (Allen, 1957, p. 341), but both of these 
faults may be more closely allied to the San Andreas 
system than to the Transverse Ranges system. 
Also anomalous is the magnetic evidence for right- 
lateral movement on a part of the Murray fracture 
zone (Menard and Vacquier, 1958; Mason, 1958), 
which is the offshore prolongation of the Trans- 
verse Ranges. The magnetic evidence, however, 
even if correctly interpreted, gives no clue as to the 
age of this displacement, which could be very old. 
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REGIONAL TECTONIC RELATIONSHIPS 


(1955, p. 1164-1167). Nothing in the known 
ofishore topography west of the Agua Blanca 
fault suggests a similar fracture zone at ths 
latitude. 

It might be argued that the trend of the Agua 
Blanca fault is not parallel to the over-all San 
Andreas trend because it has been “‘deflected” 
by older structural features in the bedrock. 
However, the regional structural trend of the 
pre-batholithic rocks is remarkably parallel to 
the San Andreas trend and is truncated by the 
Agua Blanca fault. Similarly, the fault appears 
to cut across the major trend of the batholith 
itself, although this trend is harder to identify 
because of the unknown pre-faulting distribu- 
tion of the batholithic rocks. 

By using the type of fracture analysis eluci- 
dated by Anderson (1951, p. 7-21), no one 
orientation of principal stress axes can explain 
both the many fault orientations and the dis- 
placement patterns of faults in northern Baja 
California: San Andreas, Sierra Ju4rez—Sierra 
San Pedro MArtir alignment, San Miguel, and 
Agua Blanca (Fig. 1). Indeed, it would be 
most surprising if such an analysis, which is 
based on the premise of infinitesimal strain, 
were to apply now to a widespread system of 
faults that has had a history of finite displace- 
ment—perhaps even hundreds of miles on the 
master fault (Hill and Dibblee, 1953). It is 
more likely that the stress distribution would 
differ from block to block, controlled only in a 
most general way by the regional right-lateral 
“drift”’ across the San Andreas zone. 

Large-scale right-lateral movement on the 
San Andreas fault must be meeting considerable 
opposition from the “great bend”? where the 
fault crosses the Transverse Ranges, and the 
recent tectonic history of this area has neces- 
sarily been one of great complexity (Allen, 
1957). Possibly the Agua Blanca and San Mi- 
guel faults represent the tendency to break 
around this “knot” on its south side, in the re- 
establishment of a straighter course between the 
San Andreas fault zone in the Gulf of California 
and the San Andreas fault zone in central Cali- 
fornia. 
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in part with the Melones fault zone of this 
report, appears on the tectonic map of the 
United States (King and others, 1944). Never- 
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that control the gold ore bodies and quartz 
veins of the Mother Lode belt. 
Aside from early miners who believed there 
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theless, structurally less important faults that 
control the position of the gold ore bodies have 
been emphasized in discussions of the structural 
geology as well as the economic geology of 
parts of the region. New data now permit 
recognition of other major faults of the Foothills 
system and also allow a clearer distinction 
between the Foothills faults and structures 


was a single, continuous Mother Lode, Knopf 
(1929) was the first to refer to a major through- 
going fault in the western Sierra Nevada. 
Speaking of the quartz veins of the Mother 
Lode belt, he said, “In places there is evidence 
that the veins occupy auxiliary fractures in a 
zone parallel to a great reverse fault” (Knopf, 
1929, p. 46). This interpretation resulted from 
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INTRODUCTION 


Knopf’s recognition (1929, p. 46, Fig. 3) of a 
wide belt of greatly sheared rocks exposed 
about 1 mile east of the outcrops of gold-bearing 
quartz veins at Plymouth and Jackson (PI. 1). 
Knopf’s descriptions and illustrations of the 
quartz veins and their relationship to wall 
rocks provide the basis for the discussion of 
the relationships between the veins Knopf 
studied and a fault of the Foothills system 
given later in this paper. Ferguson and Gannett 
(1932, p. 20-21, 70) recognized in the Alleghany 
district a major fault that lies on the projection 
of the strike of the large fault in the Mother 
Lode belt mentioned by Knopf and speculated 
that these two segments might form parts of a 
single continuous structure. Ferguson and 
Gannett (1932, p. 22, 70) distinguished clearly 
between the major fault and faults of less 
structural importance that control the gold- 
quartz veins in the Alleghany district. 

Knopf (1929) interpreted both the major 
fault and faults related to the Mother Lode 
fissure system as dip-slip reverse faults. Fergu- 
son and Gannett (1932) described the major 
fault in the Alleghany district as a reverse 
fault but presented no conclusion regarding 


| the direction of net slip. Taliaferro (1942, p. 90) 
| speaks of a major fault as the Mother Lode 


thrust. D. K. Chandra (1953, unpub. Ph.D. 
thesis, Univ. of Calif.) has mapped as thrusts 
three faults near Colfax which coincide in part 
with elements of the Foothills fault system. 
Neither Taliaferro nor Chandra discuss the 
problem of determining the orientation of net 
slip. Cloos (1932b, p. 392-394; 1935, p. 234) 
discussed chiefly faults that controlled the 
quartz veins of the western Sierra Nevada and 
compared these faults to marginal thrusts 
related to batholiths. Cloos (1935, p. 238, 247) 


| also, however, identified a long continuous 


fault as the “Mother Lode proper” and stated 
that “It seems possible that movement along 
this fault began long before intrusion of the 
larger batholithic masses.” 

In this paper, the term “Mother Lode” will 
be used to designate the quartz veins and gold 
ore bodies of the Mother Lode geographic belt 
rather than the major fault zone of the Foothills 
system that passes through the Mother Lode 
belt. This is consistent with early usage: 
Turner and Lindgren (1894) define the Mother 
Lode as “a belt of parallel though sometimes 
interrupted quartz-filled fissures,” and Knopf 
used the term “Mother Lode system” to 
include the quartz veins and the structures that 
control them. It is not consistent with later 
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usage that identifies a long continuous fault 
zone by the name ‘“‘Mother Lode”. The earlier 
usage is preferable because the temporal and 
genetic relationships between the Mother 
Lode fissures and the major fault zone are not 
yet adequately understood, and investigation 
of these relationships will be better served by 
a nomenclature that distinguishes between them 
than by one that tends to confuse them. 

The material presented here was obtained 
during investigations by the U. S. Geological 
Survey in co-operation with the California 
Department of Natural Resources, Division of 
Mines. During early phases of this work, areal 
mapping near San Andreas and west of Angels 
Camp (Pl. 1) by Arvid A. Stromquist, Donald 
B. Tatlock, and the writer produced evidence 
of the existence of two distinct fault systems in 
that part of the Mother Lode region. During a 
later phase of the work the extent and pattern 
of the Foothills fault system were determined 
by reinterpretation of existing geologic maps on 
the basis of new structural and stratigraphic 
data gained by detailed mapping of geologic 
cross sections at intervals along the western 
Sierra Nevada. The cross sections were mapped 
in the canyons of the major streams of the 
region, which cross the geologic structure about 
at right angles and provide nearly continuous 
exposures. During about 16 months of field 
work, sections were mapped along all rivers 
from the Merced to the Middle Fork of the 
Yuba, inclusive. C. D. Rinehart, E. H. Pamp- 
eyan, N. K. Huber, J. A. Pitkin, and H. G. 
Stevens participated in this phase of the 
investigation. The author did reconnaissance 
of the fault zones in other parts of the area. 
Existing geologic maps have been used to 
project faults mapped in the cross sections 
through intervening areas. 

The series of geologic folio maps prepared by 
Lindgren, Turner, and Ransome (Turner, 
1894; 1897; 1898; Turner and Ransome, 1897; 
1898; Lindgren, 1894; 1900; Turner and 
Lindgren, 1894; Lindgren and Turner, 1895; 
Ransome, 1900) covers nearly the entire area 
underlain by metamorphic rocks in the western 
Sierra Nevada and provided data on the great- 
est part of the area between traverse lines of 
the present investigation. These maps do not 
show faults, but rock types are differentiated 
sufficiently to allow rather certain recognition 
of the fault zones between areas studied in 
detail. More recent maps used to fill in the 
pattern of the fault system are those of Eric, 
Stromquist, and Swinney (1955, Pl. 1 and 2) 
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and Taliaferro and Solari (1949). The latter 
map, including the vicinity of Copperopolis, 
shows some of the component faults of one of 
the fault zones of the Foothills system. 

Knopf (1929) has described some of the 
rocks of the Mother Lode belt as well as the 
ore deposits. Eric, Stromquist, and Swinney 
(1955) have described rocks of the part of the 
area lying between Sonora and Angels Camp, 
and Clark (1954) has described Paleozoic rocks 
exposed in a small area east of San Andreas. 
Diller (1908) and Durrell and Proctor (1948, 
p. 170-175) discuss the lithology and stratig- 
raphy of metamorphic rocks in the extreme 
northeastern part of the region. Taliaferro 
(1942, p. 96) has presented a concise summary 
of geologic events in the western Sierra Nevada. 


GENERAL GEOLOGY 


The western Sierra Nevada is underlain 
largely by metamorphic rocks of Paleozoic and 
Mesozoic age. These rocks nearly everywhere 
dip steeply and are but sparsely fossiliferous. 
In the southern part of the region the most 
extensive Paleozoic rocks are black carbona- 
ceous phyllite and schist with thinly interbed- 
ded metachert, but lenses of mafic volcanic 
rocks and limestone are widespread and locally 
attain thicknesses of several thousand feet. 
In the northern part of the region, mafic 
volcanic rocks, slate, and felsic tuff constitute 
about equal parts of the Paleozoic section; 
chert is abundant locally, but limestone is rare. 
Most of the Paleozoic rocks have been referred 
to the Calaveras formation, but those in the 
vicinity of the American River were divided 
into five formations (Lindgren, 1900). The 
Mesozoic section is characterized by alternating 
belts, each generally several miles wide, of 
mafic volcanic rocks and sedimentary rocks, 
chiefly slate and graywacke. All the Paleozoic 
and Mesozoic rocks have been metamorphosed, 
but the metamorphism is of low grade in most 
of the region, particularly west »* \1e Melones 
fault zone (Pl. 1). Although clea: age is present 
in nearly all the rocks (Pl. 2, fig. 1), original 
structures such as graded bedding and delicate 
cross-lamination are well preserved in much of 
the region, particularly west of the Melones 
fault zone. Within the fault zones described 
herein, the amount of recrystallization and 
cataclastic deformation is notably greater than 
it is beyond the limits of the fault zones 
APL: 2 fig, 2). 

The distribution of Mesozoic and Paleozoic 
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metamorphic rocks can be stated only in 
general terms—the ages of rocks in some areas 
of considerable size in the northern part of the 
region are not well enough established to permit 
delineation on Plate 1. South of Placerville, 
rocks of Paleozoic age are confined to the 
area east of the Melones fault zone except for 
a narrow belt exposed between the Melones 
and Bear Mountains fault zones west of Jack- 
son. North of Placerville, rocks of Paleozoic 
age likewise underlie most of the area east of 
this fault zone but also underlie large parts of 
the area west of the Melones fault zone at 
least as far westward as Auburn. In the southem 
half of the region, rocks of Mesozoic age are 
restricted to areas west of the Melones fault 
zone, but in the northern half of the region 
they are also present near the east side of the 
belt underlain by metamorphic rocks. 
Ultramafic rocks form elongate bodies within 
and adjacent to major fault zones of the region; 
they intrude both Paleozoic and Mesozoic 
metamorphic rocks. By far the most abundant 
is serpentine, but some of the larger bodies 
contain some peridotite, pyroxenite, and dunite. 
Some of the serpentine has been altered to 


schists composed of talc, antigorite, and} 
ankerite in various proportions. Most of the} 


serpentine consists of faceted blocks with 
polished and commonly pronouncedly lineated 
faces, but some serpentine is schistose and 
some massive. 

The metamorphic rocks and _ serpentine 
have been intruded by a number of isolated 
small granitic plutons and by the Sierra Nevada 
batholith. Most of the plutons west of the 
Melones fault zone range from gabbro to 
quartz diorite, whereas most of the Sierra 
Nevada batholith ranges from granodiorite to 
granite. The more mafic rocks west of the 
Melones fault zone apparently constitute 4 
series of intrusions that is distinctly older than 
the Sierra Nevada batholith, which is about 
Middle Cretaceous. 


Fooruitts FAuLtt SysTEM 


General Statement 


The group of faults shown on Plate 1 is here 
named the Foothills fault system for its 
occurrence on the lower western slopes of the 
Sierra Nevada, a region widely known as the 
Sierra Foothills. The name Mother Lode is 
reserved to designate structures more directly 
related to gold deposits. Faults of the Foothills 
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system truncate major folds and regional 
Free of the metamorphic rocks. The faults 

dip steeply, as indicated by the attitudes of 
schistosity within the fault zones and by the 
straight traces of the zones across rugged 
topography. Schistosity and shearing within the 
fault zones in most places dip eastward more 
than 80° and are commonly vertical but in 
some places dip eastward as gently as about 70°. 

South of the Cosumnes River, the Foothills 
fault system consists principally of two north- 
westward-trending fault zones. The easternmost 
| gone, coinciding throughout part of its length 
with the Mother Lode belt, is here named the 
Melones fault zone after the mining town of 
Melones on the Stanislaus River. The western- 
most is here named the Bear Mountains fault 
zone for a group of prominent northwestward- 
trending ridges about 9 miles west of Angels 
Camp (Pl. 1). North of the Cosumnes River, 
the Melones fault zone can be identified as 
far as pre-Cretaceous bedrock is exposed. West 
of this fault zone the Foothills fault system 
> between the Cosumnes River and the Middle 
Fork of the Feather River consists of unnamed 
northward-trending and northwestward-trend- 
ing components which form a braided pattern. 


yf the} Near the north end of the area of exposed 


with 
\eated 
> and 


entine 
olated 
evada 
vf the 
ro to 
Sierra 
‘ite to 
f the 
ute 4 
+ than 
about 


s here 
yr its 
of the 
us the 
de is 
rectly 
othills 





bedrock, some of the fault zones turn sharply 
westward. 

Exposures of the Foothills fault system are 
bounded on the north and west by overlapping 
younger rocks, and the system may be much 
more extensive than shown on Plate 1; it 
possibly extends through the western Klamath 
Mountains into southwestern Oregon (Fig. 1). 
At the northwest end of the region shown on 
Plate 1, faults of the Foothills system pass 
under nearly flat-lying deposits of Late Creta- 
» ceous and Tertiary age that overlap the meta- 
morphic rocks. The strike of the Foothills 
faults here is toward a group of faults recognized 
by Irwin (in press) in the western Klamath 
Mountains (Fig. 1). Younger rocks conceal 
those cut by major faults for about 70 miles 
between the western Sierra Nevada and the 
Klamath Mountains. Little of the Klamath 
Mountains region has been mapped in detail, 
but what is known of the region indicates 
that its history of deposition, volcanism, 
deformation, and plutonic intrusion is similar 
to that of the western Sierra Nevada. Wells 
and Walker (1953) have mapped and described 
steep reverse faults very much like those of the 
western Sierra Nevada in the Galice area of 





southwestern Oregon. They did not determine 
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the direction and amount of displacement on 
these faults. 

The southward extent and width of the 
Foothills fault system likewise have not been 
determined. The Melones fault zone is cut 
south of Mariposa by a younger intrusive mass 
(Cloos, 1932a), presumably a lobe of the Sierra 
Nevada batholith, but may extend through 
the metamorphic rocks that underlie much of 
the western Sierra Nevada southeast of this 
pluton. These metamorphic rocks have been 
mapped in detail in only a few small areas. The 
southeastward extent of the Bear Mountains 
fault zone is unknown, but R. J. P. Lyon 
(1954, unpub. Ph.D. thesis, Univ. of Calif.) 
described a prominent shear zone near the 
place where the Bear Mountains fault zone 
intersects the south boundary of Plate 1 which 
indicates that it extends southeast beyond this 
point. 

The great width of the Foothills fault 
system relative to the width of the exposed 
belt of metamorphic rocks suggests that other 
elements of the system may be concealed 
beneath the unconsolidated deposits of the 
Central Valley. On the east, too, the fault 
system may not be so sharply limited as sug- 
gested by Plate 1, for although only a single 
large fault is indicated east of the Melones 
fault zone, the absence of mapped faults may 
result from a scarcity of marker horizons, poor 
exposures, and general lack of detailed mapping 
in this part of the region. 

Most of the “faults” shown on Plate 1 are a 
complex of smaller faults and shear zones and 
are more properly referred to as fault zones. 
Other faults have been indicated along bound- 
aries of serpentine bodies where these have 
been found to mark the position of major 
stratigraphic discontinuities. The shear zones 
are distinguishable from bordering and less 
deformed rocks of the same original character 
by pronounced schistosity, cataclastic struc- 
ture, and crumpling. Boundaries of the fault 
zones are marked by structural or stratigraphic 
discontinuity, a transition from sheared to 
unsheared rocks, or a combination of these. 
The sheared rocks of the fault zones are about 
as well exposed as the unsheared slates and 
phyllites of the bedrock sequences, and both 
the shear zones and the belts underlain by 
slate and phyllite are ordinarily marked by 
topographic depressions. The fault zones are 
generally well exposed in canyon bottoms and 
beds of larger tributary streams. Stream- 
polished exposures provide excellent opportu- 
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nities for study of detailed structure of the 
sheared rocks. 

Widths of the fault zones range widely. Near 
the North Yuba River (Pl. 1), for example, 
rocks are greatly deformed between Downieville 
and the easternmost belt of serpentine in the 
Melones fault zone, a distance of about 3 
miles, as well as between the two serpentine 
bodies west of Downieville. Along the North 
Fork of the Feather River, on the other hand, 
deformation of metamorphic rocks resulting 
from movement along the Melones fault zone 
is restricted to a belt about 1000 feet wide 
southwest of the serpentine body. Bedding is 
clearly distinguishable in metamorphic rocks 
within a few feet of the northeast side of the 
serpentine. In most places shear zones asso- 
ciated with Foothills faults are at least several 
hundred feet wide. Only rarely are they less 
than about 200 feet wide. 


Relationship of Serpentine to Fault Zones 


The Foothills fault system is well delineated 
by the serpentine bodies first mapped by Lind- 
gren and Turner and shown on Plate 1. The 
pattern is accentuated by many smaller bodies 
found by more detailed mapping. Most previous 
authors (for example, Taliaferro, 1942, p. 94; 
Cater, 1948, p. 38-39) have held that the ser- 
pentine, or rock from which it was derived, was 
intruded as sills into beds that were subse- 
quently folded. Ferguson and Gannett (1932, 
p. 21-22), on the other hand, suggested that 
the emplacement of serpentine in the Alleghany 
district was controlled by pre-existing faults. 
Data collected during this investigation support 
the thesis that emplacement of the serpentine 
was controlled by major faults. Bailey (1946, 
p. 211) has demonstrated a similar relationship 
of serpentine to faults in part of the Coast 
Ranges of California. 


The serpentine and fault zones are geographi- 


cally close (Pl. 1). Most of the serpentine is 
within major fault zones mapped on the basis 
of intensely deformed rocks and stratigraphic 
discontinuity. Some bodies, such as the large 
mass 9 miles southwest of Sonora and the 
smaller mass northwest of Mariposa, extend 
beyond the limits of fault zones into unsheared 
rocks and may be in part sills, but even such 
bodies are contiguous on one side with a 
fault zone. The structural setting of a few 
small serpentine bodies shown on Plate 1 is 
unknown, but serpentine has not been found in 
unsheared rocks at a distance from fault zones 
in areas that have been mapped in detail. 
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An alternate possibility is that ultramafic 
rocks, originally emplaced as sills, controlled | 
the locus of subsequent faulting. Serpentine is 
an excellent substance for lubricating slip 
zones, and the presence of much schistose and 
slickensided serpentine attests to considerable | 
shearing of the serpentine. Nevertheless, there | 
is little to suggest that fault movements in the | 
western Sierra Nevada have been effectively | 
localized by serpentine. On the contrary,’ 
metamorphic rocks are greatly deformed for 
considerable distances beyond the limits of 
serpentine bodies both along and across the) 
strike of serpentine masses and fault zones. The 
belts of sheared metamorphic rocks beside a 
serpentine body may be only 200 feet wide, 
but in most places they are much wider and¢ 
may even be measurable in miles, as in the 
Melones fault zone near the North Yuba 
River. Serpentine certainly has not controlled 
the regular pattern of the fault zones, for in 
some it is not present in significant amounts | 
for intervals of several miles. 
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Relationship of Fault Zones to Plutonic Rocks! 


Faults of the Foothills system are younger 
than two plutons bu: older than other plutons 
at localities that have been examined. A pluton 
emplaced prior to or during fault movement is 
exposed east of the Melones fault zone in the| 
vicinity of the Cosumnes River. The western) 
boundary of the pluton is nearly straight, | 
indicating either that it has been truncated by 
fault movements or that the fault zone limited | 
its westward spread during emplacement. 
Nevertheless, the pluton was certainly intruded 
before fault movement ceased, for the granitic | 
rock has been transformed into a pronouncedly 
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and hornblende for a distance of more than 1 
mile east of its western border. Farther east 
the granitic rock of this pluton is massive and | 
unaltered. | 

Unlike the pluton near the Cosumnes | 
the western part of a pluton near the Moke: | 
lumne River that shows a nearly straight‘ 
western contact is only weakly and _ locally 
schistose, although it coincides with the 
Melones fault zone. Small exposures of schistose 
metavolcanic rocks and hornblende-rich gneiss 
on the banks of the Mokelumne River immedi- 
ately west of the pluton suggest a shear zone 
at the contact. Eric, Stromquist, and Swinney ¢ 
(1955, p. 27) have noted a shear zone indicating 
postemplacement fault movement at the west 
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side of a gabbro pluton in the Melones fault 


| gone about 5 miles southwest of Sonora. 


Cloos (1932a, p. 301, 303) has shown that 


crystallization of the pluton that cuts the 
| Melones fault zone southeast of Mariposa is 
| younger than significant fault movements, 
| although he holds that structures within the 
| pluton indicate fault movements prior to 


solidification. Elsewhere the age relationships 
of plutonic rocks and fault zones are established 
by the contact aureoles developed in some of 
the fault zones. Aureoles showing isotropic 


textures resulting from contact metamorphism 
| superimposed on earlier planar and linear 


structures developed during fault movements 
are well exposed in the banks of the American 
River near Folsom and in the South Fork of 
the Yuba River northwest of Nevada City. The 
granitic rocks show no evidence of shearing or 
recrystallization at either locality, and narrow 
granitic dikes in the contact zones show no 


| evidence of deformation or recrystallization. 


| On Plate 1, a fault zone has been indicated 
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along the entire western side of the pluton 
that underlies Nevada City, on the assumption 
that the exposures in the South Yuba River 
are representative. The contact has not been 
studied farther north, and the pluton may 
have transgressed the fault zone in some 
places. 


Internal Structures of Fault Zones 


Gross structure-—Except for the ultramafic 
rocks, the rocks within the fault zones were 
derived from lithologic units exposed outside 
the fault zones. Those within the fault zones 
are generally more deformed, with attendant 
development of foliation, lineation, fragmental 
textures, and fluxion structures. 

Fault zones are characterized by discon- 
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juxtaposition of blocks derived from different 
formations, as Heyl (1947) has pointed out. 
In places, large blocks are separated by rela- 
tively narrow component faults that form a 
braided pattern within a general belt referred 
to a single fault zone in this report. In the 
Alleghany district, Ferguson and Gannett 
(1932, Pl. 1) succeeded in mapping formations 
in blocks about 1 mile wide and more than 4 
miles long situated between elongate belts of 
serpentine here interpreted to mark component 
faults of the Melones fault zone. A still larger 
isolated block, about 10 miles long and as 
much as 2 miles wide, extends from south of 
the Stanislaus River to a point northwest of 
Angels Camp in the Melones fault zone. 
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Smaller blocks, isolated in wide belts of 
strongly deformed rock, fall more readily into 
the category of horses. Eric and Stromquist 
(in Eric, Stromquist, and Swinney, 1955, Pl. 1) 
have mapped a thin, lenticular block of lime- 
stone about 1 mile long, probably derived from 
the Calaveras formation, near the west side of 
the Melones fault zone southwest of Angels 
Camp, and Stromquist (Written communica- 
tion, 1953) has mapped a larger isolated body 
composed of limestone and other rocks char- 
acteristic of the Calaveras formation within 
the Melones fault zone about 2 miles south of 
San Andreas. Both localities are several miles 
distant from exposures of similar rocks outside 
the fault zone. 

Eric, Stromquist, and Swinney (1955, p. 15) 
have described several areas of metavolcanic 
rocks with well-preserved original textures 
within the Melones fault zone. These areas 
are surrounded by schistose metavolcanic 
rocks and may be horses of different age than 
the surrounding schist or they may indicate the 
existence of some sort of pressure shadows in 
which original structures of the rocks were 
preserved. 

Planar structures.—Structures resulting from 
recrystallization are more prominent than 
those resulting from cataclastic deformation in 
the metavolcanic rocks in the fault zones. 
Most of the metavolcanic rocks are schist, but 
some are massive. Most originally argillaceous 
rocks are altered to phyllite and schist, but 
some have developed fragmental structures 
(Pl. 3, fig. 2). Schistose metavolcanic rocks may 
be readily examined in roadside exposures in 
the western part of the Bear Mountains fault 
zone between the Stanislaus and Calaveras 
rivers, in the Melones fault zone along State 
Highway 49 between Angels Camp and Jackson, 
and in an unnamed fault zone south of Auburn 
at the State Highway 4° bridge across the 
American River. Volcanic breccia texture is 
preserved in some of this schist, but in a 
greater part original textures have been 
destroyed. Probably most of the schist that 
lacks relict original texture was tuff; tuff is 
more abundant than volcanic breccia in the 
less altered volcanic sequences outside the 
fault zones. Fragments in the schistose volcanic 
breccia are commonly massive but are flattened 
and elongate. Schistosity of the enclosing 
material is molded around the fragments. In 
most places, the schistosity within the fault 
zones is not deformed, but tightly crumpled 
chloritic schist probably derived from volcanic 
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rocks is exposed along the North Yuba River 
west of Downieville and in the eastern part of 
the Melones fault zone along the Bear River. 
Fluxion structure is a characteristic feature of 
shear-zone rocks of fragmental character. In 
both outcrops and thin sections, fluxion struc- 
ture is much more commonly indicated by 
schistosity or cleavage and parallel arrangement 
of fragments than by trains of fragments, 
although trains have been found. 

Fragmental  structures.—Fragmental _ struc- 
tures of cataclastic origin are abundant in the 
shear zones. These structures show a wide 
variety depending on the size distribution, 
size range, and packing of the fragments. Most 
fragments of megascopic size are flattish and 
rounded or lenticular in cross section; a few 
are nearly equidimensional, and some are 
angular. Microscopic fragments are commonly 
nearly equidimensional and angular (Pl. 3, 
fig. 1). These breccias reflect much more 
tvanslation than the fault breccias in faults of 
moderate displacement, characterized by 
closely packed, angular fragments separated 
by voids or a mineral filling. 

Very coarse fragmental rock forms a zone 
more than 200 feet wide in the western part of 
the Melones fault zone near the North Fork 
of the American River. The rock consists of 
flattish blocks of light-green, fine-grained, 
weakly schistose rock about 1 foot to 10 feet 
long and embedded in black, aphanitic phyllite 
with intermixed smaller fragments of the 
same kind of rock. The over-all aspect of the 
outcrop is much like that of the thin section 
(Pl. 3, fig. 1), although on a much larger scale. 
Blocks more than 1 foot long are generally 
separated from one another by seams of black 
phyllite a few inches to 3 feet thick, and the 
blocks compose less than half of the area of a 
cliff face normal to the schistosity. In thin 
section, the fragments are seen to be felsic 
porphyritic metavolcanic rocks with pheno- 
crysts of quartz and plagioclase in a micro- 
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crystalline groundmass containing abundant 
fibrous amphibole. The black phyllite is 
composed of finely milled fragments of these 
rocks and their phenocrysts together with an 
unidentified black, opaque material. 

Gross augen structure is also apparent east 
of the easternmost serpentine in road cuts 
along the North Yuba River. Here blocks of | 
massive or weakly schistose rock are separated | 
from one another by seams, commonly more 
than 1 foot wide, of phyllite or schist derived 
from rock similar to that forming the blogs | 
(Pl. 2, fig. 2). 

Near the Bear River, a belt about 1 mile | 
wide at the western side of the Melones fault | 
zone consists of blocks of chert and greenstone 
separated by septa of black carbonaceous } 
phyllite and tectonic breccia. Many thin seams | 
of schistose serpentine are also present. The 
greenstone and chert fragments range from 
microscopic to blocks several tens of feet long. | 
Fragments of small and intermediate size are | 
commonly streamlined or lens-shaped in cross | 
section, but in this location no linear pattern | 
was observed. Foliation of the phyllite and 
serpentine is molded around the fragments. | 
Contorted bedding is preserved in some of the} 
larger chert blocks, and some of the greenstone | 
retains relict pyroclastic textures and amyg- | 
dales, but original textures and structures have | 
been destroyed in most of the fragments. Some 
blocks contain irregular seams or dikes of in- 
trusive tectonic breccia derived from the ma- 
terial surrounding the blocks. The chert frag- 
ments consist of granoblastic microcrystalline 
quartz, cut by closely spaced slip surfaces 
marked by planes of mica. Thin partings of 
slaty material show that in some places the 
chert is intricately crumpled between slip sur- 
faces. In thin sections it can be seen that in some 
places even phyllite composed almost solely of 
sericite has been broken into tiny fragments | 
(Pl. 3, fig. 2). 

The exposures described in the preceding 











PLATE 2.—STRUCTURES OF ROCKS OUTSIDE OF 
AND WITHIN FAULT ZONES 


Ficure 1.—Bedding and cleavage at crest of anticline exposed along the Cosumnes River 5 miles east 
of west end of Cosumnes River section (Pl. 4). Bedding, prominent on fresh surfaces, is slightly arched. 
Cleavage, prominent in weathered parts of exposure, dips about 60° to the right (east). Photograph area 


is about 25 feet wide. 


Ficure 2.—Greatly sheared metavolcanic rocks in Melones fault zone showing gross augen structure. 
Both massive blocks and the schist separating them are derived from the same original material. Camera 





bag is 11 inches wide. Road cut on north side of North Yuba River 2 miles southwest of Downieville. 





BULI 








BULL. GEOL. SOC. AM., VOL. 71 CLARE, PL. 2 


0 dant | 
te is} 
these 
th an 
east | 
cuts | 
ks of | 
rated | 
more | 
rived | 
dlocks | 


mile | 
fault 
stone 
ceous 
seams 
. The 
from 
long. | 
ze are 
cross 
attern | 
e and 
nents. | P 
of the | Ficure 1 
stone | 
mys: | 
; have | 
Some 
of in- 
e ma- 
frag- 
alline 
rfaces 
gs of 
25 the 
p sur- 
1 some 
ely of 
ments | 


eding | 


Ficure 2 


PHOTOGRAPHS SHOWING STRUCTURES OF ROCKS OUTSIDE OF 
AND WITHIN FAULT ZONES 
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PHOTOMICROGRAPHS OF SHEARED ROCKS 

















paragraph constitute the Relief formation as 
mapped by Lindgren (1900) in the vicinity of 
the Bear River. This unit is shown on the 
Colfax folio (Lindgren, 1900) to underlie a 
notably straight belt about 1 mile wide and 10 
miles long, extending about from the Bear River 
to the South Yuba River. The Bear River ex- 
posures suggest that the Relief formation as 
mapped by Lindgren is a fault zone containing 
deformed rocks derived from other formations, 
rather than a stratigraphic unit. 

In parts of the Melones fault zone along the 
North Yuba River, the greenstone, composed 
largely of epidote and chlorite, is brecciated, 
but this rock differs from that in exposures pre- 
viously described in that megascopic fragments 
constitute more than 95 per cent of any par- 
ticular exposure. The rock consists of fragments 
of greenstone many feet to microscopic in size, 
separated by seams of black phyllite as much 
as 1 foot thick. The seams are composed of 
chlorite and sericite or talc with a small pro- 





| portion of fine rock fragments. Fragments are 
) angular to elliptical. 

| Not all the fragmental rocks in the fault 
zones are of cataclastic origin: some are con- 
glomerates and sandstones of sedimentary 
origin, although at many localities cataclastic 
structures have been superimposed on the 
original structures of these rocks. Evidence 
suggests that most of the conglomerates in the 
region are polymictic (Pettijohn, 1949, p. 
208)—they contain clasts of many different 
tocks, whereas the clasts in the tectonic breccias 
are derived from one or two rocks. Polymictic 
conglomerates included with the Cosumnes 
and Mariposa formations of Jurassic age are in 
contact with fault zones throughout much of 
the western Sierra Nevada, and those of 
Mariposa formation, at least, form blocks 
within the Melones fault zone. Similar con- 
glomerate forms part of the Kanaka formation 
(Ferguson and Gannett, 1932, p. 7-12), of Car- 
boniferous age, which lies between the two 
branches of the Melones fault zone in the Alle- 
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ghany district, north of the Middle Yuba River. 
The degree of lithologic variety shown by the 
clasts does not necessarily, however, provide a 
reliable criterion for distinguishing between 
rocks of cataclastic and epiclastic origin. Small 
lenses of monolithologic intraformational 
breccia are present in the region, and possibly 
cataclastic breccias with a considerable variety 
of clasts might be formed in some circum- 
stances. A problem of origin is also posed by 
some blocks of quartz-feldspar rock with well- 
developed cataclastic texture. When sufficiently 
milled, it is difficult or impossible to establish 
whether these were derived directly from 
granitic rock or from arkose, such as that form- 
ing minor parts of the Blue Canyon formation, 
of Carboniferous age. 

Lineation.—Lineations within the fault zones 
lie in the plane of schistosity and rake nearly 
down-dip. In most places they plunge south- 
east, but in some places they plunge northeast. 
Lineation is formed most commonly by elongate 
fragments such as the clasts in volcanic breccia 
and in conglomerate. Most of these clasts are 
flat triaxial ellipsoids. Most show no evidence 
of having been rolled, but a fragment on a 
sawed face normal to lineation of one of the 
few conglomerates that was closely examined 
shows “snowball” structure. Lineation, parallel 
to the fragments, is also formed in the volcanic 
rocks by thin elongate pods of chlorite. Pro- 
nounced lineation in the sheared granitic rock 
exposed west of the Melones fault zone in the 
vicinity of the Cosumnes River is formed by 
stubby amphibole crystals. Steeply plunging 
pencil structure is formed by intersecting cleav- 
ages in a thin tongue of serpentine in the Bear 
Mountains fault zone exposed on the banks of 
the Stanislaus River. 


Direction, Sense, and Amount of Movement 


Direct evidence of the direction and sense of 
movement along the Foothills fault system and 
its individual elements has not yet been found. 








material on slip surfaces. Plain light. 


PiaTtE 3.—PHOTOMICROGRAPHS OF SHEARED ROCKS 


Ficure 1.—Fine-grained tectonic breccia from Melones fault zone along the North Fork of the American 
River. Clear white grains are quartz; textured grayish grains are felsic metavolcanic rocks and feldspar. 
Dark matrix is composed of minute fragments of these rocks and minerals plus extremely fine-grained 
opaque material. Note broken quartz grain in upper-left corner. Plain light. 

Figure 2.—Tectonic breccia derived from slate and chert. West side of Melones fault zone on Bear River. 
Scattered white fragments are metachert. Light- to dark-gray fragments are sericite slate. Black, opaque 


a 


eves ie 


teininnenhtniine niin ee 


mepeemnenrss ee wah 








492 


Data suggest that the Foothills is a strike-slip 
fault system, but more study will be necessary 
to determine the orientation of net slip in any- 
thing approaching a satisfactory manner. 
Scarcity of evidence results in part from an in- 
adequate knowledge of the stratigraphy of the 
region, the abundance of such lithologic types 
as slate and mafic volcanic rocks throughout 
the stratigraphic section, and near-parallelism 
of faults and bedding in much of the region. In 
part, too, it probably results from the fact that 
the amount of displacement, although un- 
known, is large enough so that corresponding 
points on opposite sides of a fault zone have not 
been revealed by areal mapping to date. Prob- 
ably if displacement had amounted to only a 
few hundred or even a few thousand feet, at 
least its order of magnitude would already be 
known. The Bear Mountains and Melones fault 
zones in the southern part of the region have ap- 
parent reverse displacement as shown by the 
presence of the older rocks on the eastward or 
hanging-wall sides. In the northern part of the 
region, even the age relationships of the rocks 
on opposite sides of most of the component 
faults are unknown. Deep erosion since the 
latest significant movement of the Foothills 
faults has destroyed any physiographic evidence 
of the orientation and amount of net slip. 

Although the Foothills faults are continuous 
for great distances and are straight throughout 
much of their length, they are more sinuous 
than previously described strike-slip faults. 
The areal pattern of the Foothills fault system 
somewhat resembles elements of a fracture 
system developed in a clay model under clock- 
wise rotational (approximately right-lateral) 
deformation in an experiment performed by 
Cloos (1955, Pl. 2, fig. 3). The sinusoidal pat- 
tern developed by a prominent group of frac- 
tures in the clay model is a mirror image of the 
main elements of the Foothills fault system. 
Possibly part of the sinuosity may result from 
regional warping subsequent to fault movement, 
for although the Foothills fault system has been 
inactive since Late Jurassic time, it occurs 
within the circum-Pacific belt in which orogenic 
activity has been pronounced during Cretaceous 
and Tertiary time. 

The steeply plunging lineations characteristic 
of the fault zones are probably parallel to the 
b tectonic axis. Observations of fold axes within 
the fault zones are too few to establish ade- 
quately the relationship of lineations to minor 
folds, but outside of fault zones, where more 
minor folds were found, lineations produced by 
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parallel chlorite blebs and elongate conglom.- | side o 
erate pebbles are consistently parallel to axes| the w 
of steeply plunging minor folds. These steeply | Cogun 
plunging lineations and minor folds are super-| versed 
imposed on structures related to the major | oung 
folds of the region, which are characterized by | plock 
nearly horizontal axes. 


| The 
Cloos and Compton also have found evidence | fgg ey 
of strike-slip deformation in the minor struc- (Pl. 4, 
tures of rocks near faults of the Foothills sys-/ Ajo, 


tem at two widely separated localities. Cloos | yrass 
(1932b, p. 391-392), on the basis of his observa- | jocks 
tions of feather joints, suggested right-lateral Merce 
deformation in the western Sierra Nevada. | miles ; 
Compton (1955, p. 14-16), in his study of the | are no 
pluton crossed by the South Fork of the Feather | and ¢} 
River, interpreted here to lie between two major ! jntery; 
fault zones, describes a steeply dipping slip displac 
cleavage that has a large horizontal component. | equal 
Lying within the plane of the slip cleavage is a Jurassi 
lineation consisting of parallel actinolite crys- | section 
tals, mineral smears, and elongate fragments | by fau 
formed by the intersection of slip-cleavage | about 
surfaces or by curved slip-cleavage surfaces.) Pew 
Compton (1955, p. 15-16, 43) apparently re- appare 
gards these as b lineations. The minor folds in along 
this area also plunge steeply (Compton, 1955, | near ¢} 
p. 14). Compton believes the slip cleavage and | to the 
lineations are related to intrusion of the pluton, | Cosym 
but because they are so similar to lineations | }jes hex 
that are widespread elsewhere in the region, most g 
even in localities distant from exposed plutonic stage o 
bodies, it seems reasonable that those described | any 
by Compton are related to the fault system | this we 
described here rather than to emplacement of | gin ne; 
the batholith. | than th 
In a detailed analysis of steeply plunging | east fla 
lineations (axes of microfolds) D. K. Chandra | fayit 7 
(1953, unpub. Ph.D. thesis, Univ. of Calif.) | thick, 
concluded that they were b lineations formed | this cq 
during strike-slip deformation of previously | yalye 
deformed rocks. The locality studied by| of Me 
Chandra is near the North Fork of the Ameri-| and sty 
can River, 7 miles southeast of Colfax near the} faylt 2 
western branch of the Melones fault zone. for the 
The horizontal component of movement of} The 
the Foothills faults cannot be estimated at this! Foothi 
time, but a large apparent vertical component | tem, 
of movement is indicated by the distribution of] than 4 
strata in the part of the region that lies south of} dence g 
the Cosumnes River. The stratigraphy is much] been re 
better known there than farther north. Within} tems ¢} 
each of the three large blocks formed by the (1946) 
Melones and Bear Mountains fault zones, the along | 
oldest beds are exposed near the west side of Highlar 
the block and the youngest beds near the east) that m, 
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side of the block, as though the region lay on 
the west flank of a large synclinorium (PI. 4, 
Cosumnes River section). This sequence is re- 
versed by the major fault zones, for the 
youngest beds in the region are in the western 
block and the oldest are in the eastern block. 


| The gross structure may be similar, although 


evidence 
yr struc- 
iills sys- ; 
s. Cloos | 
observa- 
t-lateral 
Nevada. | 
y of the | 
Feather 


vo major } 
ing slip | 


yponent. | 
vage is a 

ite crys- | 
agments | 
cleavage | 


surfaces. } 


ntly re- 
folds in| 
mn, 1955, 


rage and | 


> pluton, 
neations 
- region, 
plutonic 
lescribed 
, system 
»ment of 


plunging 
Chandra 
f Calif.) 
; formed 
eviously 
died by 
e Ameri- 
near the 
one. 

>ment of 
d at this 
mponent 
bution of 
south of 
‘js much 
. Within 
d by the 
ones, the 
t side of 


the east | 


less evident, in the northern part of the region 
(Pl. 4, South Yuba River section). 

Along the Melones fault zone, rocks of 
Jurassic age on the west are juxtaposed with 
rocks of Paleozoic age on the east from the 
Merced River to Placerville, a distance of 100 
miles and perhaps more. Rocks of Jurassic age 
are not present between the Melones fault zone 
and the Sierra Nevada batholith within this 
interval. The apparent vertical component of 
displacement throughout this distance must be 
equal to or greater than the thickness of the 
Jurassic section west of the fault zone. Partial 
sections of these rocks, everywhere truncated 
by faults or erosion, range from 3000 feet to 
about 17,000 feet in thickness. 

Few data are available for determining the 
apparent vertical component of displacement 
along the Bear Mountains fault zone except 
near the Cosumnes River. Here beds adjacent 
to the fault zone on the east belong to the 
Cosumnes formation which conformably under- 
lies beds containing a fauna of Callovian (upper- 
most stage of the Middle Jurassic or lowermost 
stage of the Late Jurassic) age and is older than 
any beds exposed west of the fault zone. If 
this were a dip-slip reverse fault zone, the net 
slip near the Cosumnes River would be greater 
| than the thickness of the section exposed on the 
| east flank of the overturned anticline west of the 
| fault zone. This section is about 15,000 feet 

thick. If, however, the faults are strike-slip, 
\ this cannot be regarded as even a minimum 
value for the net slip because the thicknesses 
of Mesozoic stratigraphic units vary widely, 
and stratigraphic sections on opposite sides of a 
fault zone at a given point cannot be compared 
for the purpose of determining displacement. 

The possibility that movement along the 
Foothills fault system, if it is a strike-slip sys- 
tem, has totaled many tens of miles or more 
than 100 miles should be considered, for evi- 
dence of displacements of these magnitudes has 
been recognized in great strike-slip fault sys- 
tems that have been studied in detail. Kennedy 
(1946) has demonstrated that displacement 
along the Great Glen fault of the Scottish 
Highlands is 65 miles; Wellman (1954) believes 
(that movement along the Alpine fault of New 
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Zealand amounts to about 300 miles since 
Jurassic time; and Hill and Dibblee (1953, p. 
448) suggest that displacement along the San 
Andreas fault may be at least 350 miles since 
Jurassic time. 


MorHer Lope FissuRE SysTEM 


It is not yet clear whether the Mother Lode 
fissure system is related in origin to the Melones 
fault zone, or, indeed, whether it is related to a 
single tectonic episode or to more than one. The 
present writer has not studied the Mother Lode 
fissure system, and the descriptions given here- 
after are based largely on published descriptions 
of the veins and thestructures that control them. 
The resulting picture may be biased, for pub- 
lished descriptions are of the large mines where 
veins and ore zones have been explored for dis- 
tances of several thousand feet along the dip or 
strike, or both. Veins and ore zones within the 
Melones fault zone that meet this qualification 
postdate significant movement along the major 
fault zone; otherwise the veins or their control- 
ling structures would have been broken by fault- 
zone movements into trains of horses or boudins 
extremely difficult to trace in mining. If small 
remnants of ore bodies dating from an earlier 
stage do exist, they would receive slight con- 
sideration in any but the most exhaustive in- 
vestigation of gold ore deposits of the Mother 
Lode belt. 

From a point about halfway between the 
Merced and Tuolumne rivers northward to the 
Mokelumne River, most of the Mother Lode 
fissures are within the Melones fault zone, but 
near the southern end of the belt and from the 
Mokelumne River to the north end of the 
Mother Lode belt, northwest of Placerville, 
most of the fissures crop out 1 mile or more west 
of the Melones fault zone. Although the strike 
of some veins is moderately sinuous, the strike 
of most of the veins throughout the Mother 
Lode belt is about parallel to that of the 
Melones fault zone. Veins generally dip less 
steeply than cleavage and bedding west of the 
fault zone and schistosity within the fault 
zone. The veins dip eastward, mostly at angles 
between 50° and 70°, although one dips as 
gently as 20° for a considerable distance (Knopf, 
1929, p. 24). Among the veins whose attitude is 
given by Knopf (1929) or Ransome (1900), no 
significant difference was noted between the 
dips of veins within the Melones fault zone and 
those west of the fault zone. Veins west of the 
fault zone cut and offset bedding in the country 
rock at acute angles. Some veins and zones of 
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replacement ore within the Melones fault zone 
bear similar relationships to schistosity and 
tabular bodies of rock drawn out parallel to the 
schistosity of the fault zone, but others are 
parallel to schistosity and contacts within the 
fault zone. Of the veins that crop out west of 
the fault zone, none are described as having 
been traced down-dip into the fault zone. 

The movement picture of the Mother Lode 
fissure system evidently is not simple. Knopf 
(1929, p. 45) betieved as a result of finding older 
rocks on the hanging-wall side of many veins 
that most of the veins occupied dip-slip reverse 
faults. He pointed out that flutings on post- 
mineral gouge indicate movement parallel to 
the dip in the Plymouth mine (Knopf, 1929, p. 
52), but faulting that has produced the main 
fissure of the Central Eureka mine had hori- 
zontal displacement of 120 feet (p. 62); a strong 
lateral component of movement is suggested by 
structural relationships in the Argonaut mine 
(p. 67). The greatest measurable displacement 
found by Knopf was an apparent dip-slip dis- 
placement of 375 feet in the Gover shaft of the 
Fremont mine (Knopf, 1929, p. 25, 54). Cloos 
(1932b, p. 393-394) believed the fissures are 
related to emplacement of the Sierra Nevada 
batholith and are comparable to marginal 
thrusts. 

The mine maps and sections prepared by 
Knopf provide evidence that some of the 
Mother Lode veins and gold ore bodies post- 
date most of the movement along the Melones 
fault zone. In several of the mines within the 
Melones fault zone, the principal ore bodies re- 
place schist. Schistosity is much stronger in the 
Melones fault zone than in most of the border- 
ing rocks and is apparently related to fault 
movements. Replacement of schistose rock by 
gold ore accordingly suggests that the ore is 
younger than fault movement. Ore bodies of 
this kind are found in the Eagle Shawmut and 
Clio mines which are in the Melones fault zone 
near the Tuolumne River. For these mines 
Knopf interprets the sequence of events as 
follows: (1) reverse faulting, (2) emplacement of 
peridotite or similar rock, (3) serpentinization 
of the peridote and renewed fault movement, 
and (4) deposition of ore. The first faulting was 
no doubt part of the Melones fault-zone move- 
ment—the later movement noted by Knopf 
may be related to the same tectonic episode or 
to a later episode. 

In contrast with ore bodies at the Eagle 
Shawmut and Clio mines, some of those at 
Carson Hill, in the Melones fault zone about 1 
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mile north of the Stanislaus River, are asso. thar 
ciated with smaller faults that cross and offset } jt jg 
structures characteristic of the chief move- 
ment along the major fault zone. Here, gold- | 493: 
quartz ore bodies were found at the intersec- | jth 
tion of gently dipping veins with a steeply 
dipping vein. Along at least one of the gently 
dipping veins, contacts of the wall rocks, in- E 
cluding serpentine and schist, have been offset | fay} 
in a reverse direction (Knopf, 1929, p. 76-77, 





mucl 

Fig. 23). Mapping by Eric and Stromquist | jock. 
(in Eric, Stromquist, and Swinney, 1955, Pl. 1) appe 
shows that in the vicinity of Carson Hill ser- | jock, 
pentine and schist form narrow bodies elongate | cierr 
parallel to schistosity in the Melones fault zone | ther 
as they do elsewhere in the zone. | ceder 
rite J 
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The Foothills fault system is of Late Jurassic | ™ent 
and probably post-Oxfordian age as nearly as | Sete 
can be determined by current dating methods. | 
The youngest rocks cut by the Melones fault | 
zone (Mariposa formation) are of late Oxfordian 
or early Kimmeridgian (Late Jurassic) age, | Bailey 
and the youngest rocks cut by the Bear Moun- W 
tains fault zone conformably overlie beds of C 
late Oxfordian or early Kimmeridgian age but ei 
are probably pre-Tithonian (Latest Jurassic).| 
Irwin (in press) has shown that in the southem D 
part of the Klamath Mountains and north- 





western part of the Central Valley of California 5 
the major stratigraphic break is below the oy 
Knoxville formation, of Tithonian age, rather} Clos, 
than between the Jurassic and Cretaceous 7 
rocks; available data in other parts of northem| __ 
California are consistent with this. The upper di 
age limit is placed by a dated pluton that jo 
truncates two faults of the Foothills system hg 
northeast of Folsom. Curtis, Evernden, and lit 
Lipson (1958, p. 6) have found that a grano-} —~ 
diorite from this pluton has a radiometric age pa 
of 131 m.y. and a quartz diorite from the same C Pp. 
ompt 
pluton has an age of 143 m.y. Bi 


Geologists familiar with the Holmes (1947, Bu 
Fig. 5) time scales will recognize a discrepancy 
between the paleontologic and potassium-argon 
dates. Curtis, Evernden, and Lipson (1958, p. Ca 
10-12) discuss this discrepancy, concluding that} Diller, 





“the Mesozoic of the Holmes time scales is in reg 
need of modification” and that rock 143 million 5 35. 
: A urrel] 

years old is of Late Jurassic age. dey 
The Melones fault zone and other fault zones Sie 
of the region have not been dated so closely res 
but are presumably of about the same age. The Eric 


Melones fault zone is probably not youngt!| 195 
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than middle Cretaceous, for south of Mariposa 
it is cut by a pluton that is presumably a lobe 
of the Sierra Nevada batholith (Cloos, 1932a; 
1935), p. 243-246). The Sierra Nevada batho- 
lith is Middle Cretaceous according to po- 
tassium-argon dates obtained by Evernden, 
Curtis, and Lipson (1958, p. 7-9). 
Establishment of the age of the Foothills 
fault system has an interesting corollary: inas- 
much as the faults truncate folds in the Jurassic 
rocks of the western Sierra Nevada, it would 
appear that most of the deformation of these 
rocks occurred prior to emplacement of the 
Sierra Nevada batholith. This deformation was 
therefore part of an earlier orogeny that pre- 


| ceded emplacement of diorite and quartz dio- 


rite plutons in the western Sierra Nevada and 
Klamath Mountains. Some faults of the Mother 
Lode fissure system may be related to emplace- 
ment of the Sierra Nevada batholith, as sug- 
gested by Cloos (1932b, p. 393-394). 
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BATHYMETRY AND GEOLOGY OF SALA Y GOMEZ, 
SOUTHEAST PACIFIC 


By Rosert L. FIisHER AND ROBERT M. Norris 


Sala y Gomez, charted at 26°27'41” S., 
105°28’00” W., is a low volcanic islet 415 km 
east-northeast of Easter Island and 3500 km 
west of northern Chile (Fig. 1). Like Easter 
Island, it belongs to Chile. Although it has been 
visited, and even landed upon, several times 
since its discovery in 1793, visitors had not 
collected rock samples systematically. Only one 
note on the petrology of the islet, from samples, 
is known to the writers. That note (Falke, 1941) 
also summarized observations of topography 
and fauna made during the visit of the Chilean 
naval training ship GENERAL BAQUEDANO in 
1935. Neither had the area near Sala y Gomez 
been sounded with modern recording echo 
sounders. Accordingly, on the University of 
California—International Geophysical Year 
Expedition “Downwind,” a day was devoted 
to exploring the islet and its bordering platform. 
Three geologists and two seamen landed to 
collect rocks while the research vessel SPENCER 
F. Barrp engaged in a sight-controlled bathy- 
metric exploration around the islet. 

Sala y Gomez lies 750-1000 km east of the 
axis of the broad, north-trending East Pacific 
Rise (Fig. 1). This islet (and possibly Easter 
Island as well) is less closely related to the 
Rise than to an eastwest structural trend that 
may extend from 1200 km west of Easter 
Island eastward beyond San Felix and San 
Ambrosio nearly to the Chilean coast. Over 
most of its length this spur or zone appears to 


| be much less active, seismically, than either the 


East Pacific Rise proper or the swell extending 
southeast from near Easter Island to southern 


_ Chile. However, shallow-focus seismicity is very 


great in the region west of Easter Island where 
this trend, projected, intersects the axis of the 
East Pacific Rise. 

Recent soundings from U. S. Navy Operation 
“Highjump” and from “Downwind” Expedi- 
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tion indicate that the central segment of the 
structure is a narrow shoal ridge, more than 
1200 km long. Several peaks extend to within 
500 m of the sea surface. From sounding data 
now available, it is uncertain whether the main 
ridge extends westward to Sala y Gomez or 
whether it swings southwest, as contoured in 
Figure 1, with the islet an isolated peak off the 
north slope. It is likewise uncertain whether 
the ridge extends across the gap near 90° W 
Long. to join the seamounts and guyots west 
of San Felix Island. Soundings are practically 
nonexistent in the region bounded by Lat. 27° 
and 35° S. and Longs. 80° and 100° W. No shoal 
areas of comparable size are believed present 
there; the few soundings available indicate a 
general sea depth of 3500-4000 m. North of 25° 
S., between Peru and the East Pacific Rise, the 
sea floor is generally deeper than 4000-4500 m. 
It is suggested that this ridge, extending from 
near Sala y Gomez to at least 90° W. Long., be 
designated the Sala y Gomez Ridge. 

There are similarities between the here- 
named Sala y Gomez Ridge and Clipperton 
Ridge in the northeastern Pacific, described by 
Menard and Fisher (1958). Both separate large 
areas with a depth difference of several hundred 
meters. Both are asymmetrical in cross section, 
steeper on the north, with one or more lines of 
seamounts capping the rise. In both cases a 
subordinate less well-defined northwest trend 
may be discerned. Of comparable widths, Clip- 
perton Ridge has a greater relief, the Sala y 
Gomez Ridge a greater length. Both ridges 
appear as segments of large, east-west struc- 
tural trends. Clipperton Ridge is part of the 
Clipperton Fracture Zone, more than 4000 km 
long. The adjacent well-defined Tehuantepec 
Ridge, off southern Mexico, is similar in trend, 
dimensions, and position to the Nasca Ridge 
off southern Peru. In each case, the east-west 
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FicuRE 1.—TopoGRAPHY OF THE SALA y GOMEZ RIDGE AND ADJACENT AREA 
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SHORT NOTES 


trend is poorly developed east of the intersec- 
tion of the northeast-southwest and east-west 
trends. It might be concluded that the struc- 
tural trend extending from near the South 
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employing an assumed sounding velocity of 
4800 feet/second, were corrected according to 
the tables of Matthews (1939) and converted to 
soundings in meters. Positions were taken at 
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Figure 2.—PiLot oF NEAR-SHORE TOPOGRAPHY 


American coast to Easter Island is another of 
the “fracture zones” like those described from 
the northeast Pacific (Menard, 1955). Both 
zones intersect the East Pacific Rise. Off 
Mexico, where it is called the “Albatross 
Plateau”, the Rise bisects the Clipperton 
Fracture Zone. Off South America, it intersects 
the west portion of the “Sala y Gomez trend”’. 

Results of near-shore bathymetric explora- 
tion by R/V Spencer F. Barrp are shown in 
Figure 2. Soundings taken with a continu- 
| ously recording echo sounder were recorded on 
a “precision depth recorder”, so that soundings 
could be read to + 1 m without difficulty. A 
sounding interval of 1 minute was used in con- 
structing Figure 2. Slope corrections have not 
been made. Soundings recorded in fathoms, 


1- or 2-minute intervals, depending upon the 
ship’s speed and the rapidity with which bear- 
ings changed. Visual bearings on the highest 
pinnacle were taken simultaneously with radar 
ranges to the nearest readily identifiable point 
on the islet. The accuracy with which the shore 
line is represented on the available nautical 
charts is not known. 

Sala y Gomez is the subaerial peak of a very 
large seamount. The extension of this seamount 
to the west, north, and northeast is not known, 
but it does extend more than 50 km southeast 
and 30 km southwest of the islet. Aprons and 
plains indicative of ponded sediments occur 
at the base of the slope, near 3500-m depth. 

The shelf surrounding the islet is elongated 
in a northeast-southwest direction, with a mini- 
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mum width, south of the islet, of 2-214 km. 
Its northeast limit was not determined. Five 
radial lines from ““Downwind” show that this 
platform terminates in a well-defined break 
west, south, and east-southeast of the islet. 
The uniformity in this shelf-break depth, 119- 
121 m, suggests that little or no tilting of the 
peak has occurred since this platform was cut. 
East-southeast of the islet, there is a deep 
break in slope of about 193 m. Above this 
break the bottom shoals gradually to the plat- 
form break of 119-121 m. This gently sloping 
surface may represent an older tilted shelf or 
the top of a flow originating east of the present 
islet. No similar deep break in slope was ob- 
served on other radial sounding lines. 

The shelf surface is rather smooth, with only 
broad irregularities, except off the east side of 
the island. There, narrow sharp pinnacles rise 
7-10 m above the platform 30-50 m deep. 
Larger pinnacles lie north and northeast of the 
islet; one shoals to less than 50 m. A large patch 
of discolored water, probably indicating very 
shoal depths, lay 2 km northeast of the islet, 
on a bearing 032° from the highest point. An 
area probably shoaler than 50 m surrounds this 
pinnacle and extends east-southeast to include 
the charted position of Scott Reef. However, no 
discoloration or breaking waves were observed 
to occur at the latter position. 

Sala y Gomez is saddle-bag shaped with a 
maximum length of 700 m in an east-west 
direction and a maximum width of 400 m in 
a north-south direction (Fig. 3). The greatest 
elevation, according to U.S.H.O. Publication 
174 (1952, p. 210a), is 30 m (98 feet). Although 
no means were available for checking this 
during the ‘“Downwind” survey, 15 or 16 m 
would appear to be a more reasonable estimate. 

From the sea the islet presents a bleak ap- 
pearance and seems composed solely of loose 
black rocks. Once ashore, however, one finds 
that the islet is made up of several lava flows, 
with exposed surfaces strewn with loose, ap- 
parently water-rounded boulders (Pl. 1, fig. 1) 
The surface irregularity is accentuated by crude 
jointing and weathered pillow structure and 
by the blocky aa type of lava that composes 
much of the uppermost flow. 
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The shore line is broken by numerous small 
inlets 3-30 m wide and up to 100 m long; these 
appear to have been excavated by waves work- 
ing along joint planes or other zones of struc. 
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FicurE 3.—SKETCH OF ISLET 


After U.S.H.O. Chart 1119. Sala y Gomez was 
reported (1943) to lie 1114 km east of its charted 
position. 








tural weakness. Numerous tide pools are pres 
ent along the shore; some were observed as 
much as 3 m above the sea at the time of the 
visit. These higher pools are almost certainly 
maintained by spray from breaking waves 
because the maximum spring-tide range shown 
on the U. S. Navy H. O. Chart 1119 (1925) is 
only a little more than 1 m. The numerous 
rounded boulders on the surface of the islet 
also suggest that much of the islet is inundated 
during heavy seas. 

There are no landing places worthy of the 
name on the islet, although during calm weather 
a small boat easily can be brought close to the 
rocky shore. During the survey, in moderate 
weather, it was necessary to swim the last 50-60 
m to shore in order to avoid dashing the boat 
against the rocks, a not entirely satisfactory 
procedure owing to the abundance of sharks, 





PraTE 1.—ROCKS OF SALA Y GOMEZ ISLAND 


Ficure 1.—Looking southeast, showing highest portion of the island 


FicurE 2.—Altered zone between the two flows. Note the pillow structure in both flows and the steam 











pocket or evacuated pillow in the center right. Hammer in lower left gives scale. 
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SHORT NOTES 


No volcanic vents were found on Sala y 
Gomez, although a vent may have existed in 
the location now occupied by the embayment 
on the south side of the islet. 

Three distinct rock units are exposed. The 
lowermost is a vesicular red to dark-gray 
andesitic olivine basalt. The middle unit, a dis- 
continuous calcareous marine sedimentary 
deposit, is composed mostly of broken frag- 
ments of mollusk shells, Foraminifera, echinoid 
spines, and corals; this units rests disconform- 
ably on the eroded and altered upper surface of 
the lower basalt. The upper unit is also a vesic- 
ular to dense dark-gray andesitic olivine 
basalt. Both flows show pillow structure. A thin 
cover of calcareous shell debris is now accumu- 
lating on the lowest parts of the islet near the 
shore, particularly on the northeastern side. 

The flows and the included sedimentary unit 
are probably Pleistocene or Recent. The minor 
amount of weathering on the surface of the last 
flow plus the near absence of soil make a greater 
age unlikely, although soil and other weathering 
products might be swept away by storm waves 
on such a low islet. 

The lower unit is a reddish to dark-gray ande- 
sitic olivine basalt flow, locally scoriaceous and 
generally showing a well-developed trachytic 
texture. Vesicles are especially numerous near 
the upper surface of the flow and commonly 
show some flattening, which suggests that some 
movement of the lava occurred just prior to 
final cooling. 

Transition from red to dark gray takes place 
downward in about a meter, suggesting that 
only the uppermost portion of the flow was 
exposed to atmospheric oxidation at the time of 
formation. Pillow structure and probable steam 
pockets are well developed in much of the ex- 
exposed portion of the flow, indicating a sub- 
marine origin for the bulk of the unit (Pl. 1, 
fig. 2). 

Feldspar laths, ranging from oligoclase to 
andesine (Ang to Ang) constitute 60-70 per 
cent of the rock. The laths are roughly parallel, 
giving the rock a trachytic texture. The feldspar 
crystals are generally unzoned and unaltered 
and average about 0.2 mm long. 

Ferromagnesian minerals constitute the re- 
maining 30-40 per cent of the rock and include 
very abundant small granules of iron ore, pre- 
sumably mostly magnetite. Olivine is common, 
both as small grains averaging about 0.1 mm 
in diameter and as scattered large phenocrysts 
averaging about 1.0 mm in diameter. Asso- 
ciated with the olivine is iddingsite which has 
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replaced nearly all the small olivine grains and 
which rims the larger phenocrysts. Augite, 
although present in small grains, is rare. The 
rarity of augite and other pyroxenes may be 
due to the relatively sodic character of the 
parent magma. 

Parts of the upper surface of this lower unit 
are extensively altered. The resulting product 
is kaolinite, an unidentified zeolite, and a 
chloritic mineral. Both the groundmass and the 
included feldspar laths have been altered to 
the same material. Most of this altered material, 
which formerly probably covered much of the 
upper surface of the lower flow, has been re- 
moved by erosion before extrusion of the latest 
flow. 

Intercalated between the upper and lower 
volcanic rocks is a discontinuous calcareous 
deposit containing subround to angular frag- 
ments of scoria, generally of pea size, presum- 
ably derived from the lower flow during the 
erosional period suggested above. The cal- 
careous matrix is composed of Foraminifera 
tests, echinoid spines, fragments of reef-forming 
coral, and broken mollusk remains. Most of 
these organic remains are so badly leached that 
a reliable age determination is difficult. The 
freshness of the associated flows, however, sug- 
gests a Pleistocene or Recent’ age. 

The deposit is nowhere more than 8 m above 
sea level and no more than 1 m thick. No great 
subsidence following formation of the first lava 
flow would be necessary to produce the requisite 
shallow-water environment. 

The upper unit is a dense, fine-grained andes- 
itic olivine basalt, locally sufficiently vesicular 
to be considered a scoria. The upper surface, 
where not destroyed by wave erosion or weath- 
ering, is mostly blocky and jagged, resembling a 
typical aa lava flow. Locatly, the upper surface 
of the flow is smooth ropy pahoehoe. The base 
of this unit, where it rests on the lower flow 
or on the middle sedimentary bed, shows crude 
pillow structure suggesting that this flow too 
was extruded partly below the level of the sea. 
The upper flow rests directly on the lower unit 
in much of the eastern part of the islet and con- 
stitutes nearly all the exposed rock in the nar- 
row isthmus. 

Composition of the upper and lower units is 
similar. All specimens of the upper flow have a 
marked trachytic texture owing to the rough 
alignment of the abundant feldspar laths. 
Feldspars range from oligoclase to andesine 
(Angg to Ang) as in the lower flow. The crystals 
average about 0,2 mm long, are normally un- 
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zoned and unaltered, and constitute about 
60-70 per cent of the rock. 

Olivine occurs as large phenocrysts, averaging 
about 1.0 mm in diameter, and as abundant 
small grains (average diameter, 0.15 mm), 
together constituting nearly 20-25 per cent of 
the total rock. Only a few of the small grains 
are altered to red iddingsite, and alteration rims 
and cracks in the larger grains are much less 
prominent in the upper than in the lower unit. 
Olivine crystals in both rock units have a 2V 
near 90°. 

Opaque, equant iron-ore granules, probably 
mainly magnetite, are exceedingly abundant in 
all samples from the upper flow. Although the 
grains are generally small, iron ore constitutes 
not less than 5 per cent of the total rock. 

Augite, although not abundant in the upper 
flow, is not so rare there as in the lower unit. 
Most augite grains are small (average size 
about 0.05 mm) and occupy spaces between the 
feldspar laths. No augite phenocrysts were 
present. Most of the augite examined was 
colorless. A few grains are pale greenish and 
may be aegirine-augite. 

The lava flows of Sala y Gomez are con- 
sidered andesitic basalts on the basis of the 
abundance of olivine, the dark color of the 
rocks, and the sodic nature of the feldspars 
(Williams, Turner, and Gilbert, 1954, p. 43). 
The varietal name mugearite seems appro- 
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priate and conveys an accurate picture of the 
mineralogical nature of these rocks. 
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OCCURRENCE OF NORMATIVE SODIUM METASILICATE IN 
WASHINGTON’S TABLES 


By Fetrx CHAYES 


From interpretation of experimental data, 
Tuttle and Bowen (1958, p. 84-87) have re- 
cently concluded that a molar excess of alkalis 
over available Al in the magmatic residue, a 
possibility not excluded by crystal fractiona- 
tion of basaltic magma, would favor the oc- 
currence of a gradual passage from granitic 
magma to hydrothermal solution, a matter of 
great and recurrent interest to petrology. 
They then pass (p. 88-89) to a citation of the 
incidence of normative acmite and sodium 
metasilicate (ms) in the analyses in Washing- 
ton’s (1917) Tables as direct evidence that 
“... granitic liquids contain alkalis in excess 
of that required to combine with all the alumina 
to form feldspars.” 

Since ms occurs only in the norms of alka- 
line* rocks, it is to be presumed that Washing- 
ton’s Tables overestimate its importance in 
the lithosphere in about the same way they 
overestimate the relative abundance of alka- 
line rocks as a whole—i.e., by a very generous 
margin. This well-known sampling bias is 
given no consideration by Tuttle and Bowen. 
The ratio of ms-bearing to ns-free norms in the 
Tables is about 1:40, and on geological grounds 
it is entirely reasonable to suppose this is high 
by at least an order of ragnitude. 

Professional Paper 99 contains, according 
to my tally, 101 ms-bearing norms, of which 
about half are of volcanic rocks. The total is 
also about evenly divided between those with 
normative quartz and those with normative 
feldspathoids; nearly 75 per cent of the vol- 
canic rocks fall in the former group, and more 
than 70 per cent of the plutonic and hypabyssal 
rocks in the latter. That ms and ac are about as 
common in the norms of subsilicic and femic 
rocks as in those of “granitic” ones is quite 
obviously a matter of critical importance. At 
first glance, in fact, its effect on the argument 
would appear t» be almost lethal, although 
some reasonable escape from the dilemma may 
be available. The Tuttle-Bowen tally includes 
only “granitic” analyses, however, and their 
discussion makes no mention of this problem. 

Although all the analyses must have sur- 





* Classes Ok, Sk, V, and W of the Shand system. 


vived the various rejection criteria set up by 
Washington, it is nevertheless possible that the 
presence of ms in many of these norms reflects 
nothing more than permissible—or, at any 
rate, expectable—analytical error. In nearly 
60 per cent of the ms-bearing norms the amount 
of ns is less than 1 per cent, and in more than a 
third it is less than 0.5 per cent. Relatively 
small errors in the analytical partition of 
alkalis, of ferrous and ferric iron, of the R2O; 
group, and even of silica and R2O; could easily 
generate a few tenths of a per cent of normative 
ns. This is not to say that a norm showing only 
a few tenths of a per cent of ms is immediately 
suspect, but only that it contributes almost 
nothing to the argument unless the analysis 
from which it is calculated is known to have 
been made with special care. Some reasonable 
compromise could almost certainly have been 
found, but the need for it will not emerge from 
a discussion based on the incidence rather than 
the amount of ns. 

As the Tuttle-Bowen tally shows, the charac- 
teristic occurrence of ms among volcanic rocks 
is in the norms of peralkaline trachytes and 
rhyolites. Of the 45 listed occurrences in 
norms of volcanic rocks, no fewer than 33 are 
of pantellerites, comendites, and paisanites, 
and 24 of these are from the Mediterranean 
and east African areas alone. Of some 575 
tabled norms of rocks satisfying their definition 
of granite, however, they note that only four 
contain ms. To the extent that the composition 
of granite provides a reliable index of the com- 
position of granite magma, it is clear that 
granite magmas must very rarely contain a 
molar excess of alkalis over available (Al + 
Fe***), This is not the conclusion reached by 
Tuttle and Bowen, so we must conclude that 
in their view the composition of granite magma 
is better indicated by rhyolite than by granite. 
This is certainly true if the rhyolite is a true 
glass, but is otherwise open to argument. 

As Bowen (1928, p. 125) long ago pointed 
out, the only unimpeachable evidence of the 
composition of magma is that obtained from 
the composition of rock glasses. Now, although 
many of the volcanic rocks whose norms show 
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ns do contain glass, there is to date surprisingly 
little evidence that the glass of these rocks is 
deficient in (Al + Fe***). Indeed, evidence 
obtained in the only detailed study so far 
made (Washington, 1913) suggests rather 
strongly that normative ms representative of 
anything more than analytical error usually 
indicates the presence of cossyrite, a mineral 
whose norm shows more than 8 per cent ms. 
The lavas of Pantelleria are well known both 
for their cossyrite phenocrysts and for their 
normative ms. Washington records seven 
analyses of Pantellerian lavas which yield 
normative ms, but only one of these appears to 
be a true glass. The other six contain varying 
amounts of cossyrite, and Washington argues 
at some length that the presence of modal 
cossyrite “. .. goes hand in hand” with that 
of normative us. He does not suggest, and in 
fact does not believe, that all the normative us 
is contributed by modal cossyrite, but for 
two of the analyses in question the recorded 
amounts of ms and cossyrite make this seem 
very likely, for a third it is possible, and for a 
fourth no mode is given, although the rock is 
described as containing cossyrite, and there is 
very little 2s in the norm. In sum, of the seven 
Pantellerian analyses exhibiting normative 
ns, one must be considered direct evidence of 
the strongest kind for the proposed magmatic 
deficiency of (Al + Fe***), two indirectly 
suggest such a deficiency, and four are at 
best noncommittal. 

Although the name “cossyrite” is used only 
for small crystals in volcanic rocks, what ap- 
pears to be the same substance occurs in large 
crystals in certain plutonic and pegmatitic 
rocks, where it is called aenigmatite. It will be 
recalled that aenigmatite occurs only in nephe- 
line syenites. Normative ns may also be gene- 
rated by arfvedsonite-type amphiboles, and 
this is in fact the original justification for use 
of the ms molecule in the CIPW norm (Cross 
et al., 1903, p. 188). When we talk of an arfved- 
sonite rock we may or may not be talking about 
a granite, but we are certainly not talking 
about a common granite. And when we talk 
about an aenigmatite rock we are not talking 
about a granite at all. Yet it is precisely such 
rocks which provide the great majority of 
recorded occurrences of ms in the plutonic 
environment. 


FELIX CHAYES—NORMATIVE SODIUM METASILICATE 


What Tuttle and Bowen propose is an end- 
stage alkali-silicate enrichment in the normal 
course of granite crystallization, and in support 
of this proposal they turn to Washington’s 
Tables. What the ms- and ac-bearing norms of 
the Tables suggest, however, is an alkali 
enrichment, with or without silica enrichment 
and often with marked silica impoverishment, 
occurring some time during the formation of 
of certain rare and usually titanium rich alkaline 
rocks. In the absence of detailed geological 
and petrographic information this is little more 
than a tautology, for it is clear that rocks 
unduly rich in alkalis must at some time have 
become so. 

For so long as attention is directed only to 
the question of whether or not ms is present in 
the norms of “granitic” analyses, the conclu- 
sion reached by Tuttle and Bowen seems not 
unreasonable. The relative scarcity of alkaline 
rocks, the relative profusion of analyses of such 
rocks, the characteristic occurrence of ms and 
ac in the norms of alkaline rocks of other than 
“granitic” composition, and the possible genera- 
tion of small amounts of ms by analytical error 
are all nevertheless relevant to the inquiry. 
Consideration of these matters certainly sug- 
gests that evidence for the proposed end-stage 
alkali-silicate enrichment of granite magma 
must be sought elsewhere than in a table of 
rock analyses. 
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The preceding note by Chayes is a criticism 
of pages 88 and 89 of The Geological Society 
of America Memoir 74 (Tuttle and Bowen, 
1958). 

Bowen and Tuttle pointed out that phase- 
equilibrium considerations demonstrate that 
crystallization of hydrous granitic liquids 
containing an excess of alkalies over alumina! 
will produce residual liquids which exhibit a 
continuous gradation from hydrous silicate 
liquid to hydrothermal solution. Chayes 
(1960) has no objection to this basic premise, 
but he finds fault with the evidence cited to 
support our contention that many rocks 
contain a slight excess of alkalies. We suggested 
that the occurrence of normative metasilicate 
and acmite in the norms from Washington’s 
Tables (1917) is evidence to support our 
observation. Chayes is concerned with this 
evidence, which is (Table 14, p. 88): 


“Granites” “Rhyolites” 


Alumina undersaturated 6.5% 21% 
' Alumina saturated 33.0% 30% 
Alumina oversaturated 61.0% 49% 


Chayes suggests that these alumina-under- 
saturated examples may represent nothing 
more than analytical errors. Perhaps he is 
right, but I venture to suggest it is a remarkable 
analytical error which is committed three times 
more often when analyzing extrusive rocks 
than when analyzing plutonic rocks. In the 
case of the granitic rocks (sic) the occurrence 
of alkali pyroxene and amphibole is prima facie 
evidence of alumina undersaturation; it is 
unnecessary to rely on the accuracy of chemical 
analyses to establish alumina undersaturation 
in these rocks. To be sure, hypersolvus granites, 
which apparently always carry an alkali 





amphibole (Bowen and Tuttle, 1958, p. 137), 


;are not so common as the alumina-over- 


saturated mica granites, but their abundance 


1 For the present discussion it will be convenient 
|to refer to these rocks as “alumina-undersaturated”’. 
|A rock with normative corundum will then be 
loversaturated with alumina, and a saturated rock 
will contain no corundum, sodium metasilicate, or 
jacmite. In othe words, in an alumina-saturated 
jrock, alumina and alkalies are present in the 
heat me ration 1:1 as in albite, orthoclase, 
jnepheline, leucite, and kalsilite. 
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is no measure of the importance in the present 
connection. 

Chayes contends that the alumina-under- 
saturated rocks are rare alkaline rocks which 
presumably, therefore, can be thrown out of 
court. I would agree that nepheline syenites 
and nepheline-bearing rocks are rare, but to 
classify the hypersolvus granites which carry 
alkali pyroxenes and amphiboles with these 
alkaline rocks is not justified. A cursory glance 
at the phase diagrams for the systems Na,O- 
Al,03-SiO2z and K,O0-Al,03-SiO2 (Schairer and 
Bowen, 1955; 1956) will convince the reader 
that the alkaline “nature” of the granites is a 
result of alumina undersaturation, whereas the 
alkaline nature of the true alkaline rocks is a 
result of silica undersaturation. A granite or a 
nepheline syenite can be alumina-under- 
saturated, and, in either case, the alumina 
undersaturation may, on crystallization, result 
in the development of hydrous liquids which 
will have a continuous solubility relation with 
water. 

Chayes points out that sodium metasilicate 
and acmite are as common in the norms of 
subsilicic rocks as in granitic rocks, and, for 
some unexplained reason, he suggests this is of 
“critical importance” and “almost lethal” to 
some part of our argument. I see no connection 
between this fact and our argument, and it 
appears that Chayes has not considered care- 
fully the phase relations discussed on pages 
84-87. 
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matrix. 


Nonsorted and poorly sorted terrigenous 
sediments that contain a wide range of particle 
sizes have attracted much attention recently 
because they have been discovered in many 
localities. In particular, essentially noncal- 
careous sediments containing pebbles and 
larger sizes dispersed through a fine-grained 
matrix have been discussed because of their 
similarity to till, of glacial origin. Many 
processes other than glacier ice, however, have 
been recognized as capable of forming till-like 
deposits: for example, landslides, earthflows, 
mudflows, solifluction, flowtill activity, sub- 
aqueous slumping and sliding, and subaqueous 
deposition and deformation by floating ice. 
Sand-size particles set in a muddy matrix 
(graywacke of some authors) constitute a 
related group of sediments which also originate 
in diverse ways. Because of the wide variety of 
origin of all these chaotic sediments, a general 
descriptive term is needed for them as a group, 
irrespective of mode of origin. 

This paper reviews some recent attempts at 
naming coarse-grained sediments of this general 
kind. It proposes one name for the whole group 
of sediments (including the fine-grained varie- 
ties) and another, related name for their 
lithified equivalents. 

D. J. Miller (1953, p. 26) faced the problem 
of nomenclature in describing what he termed 
“conglomeratic” sandy mudstone included in 
late Cenozoic glacial-marine deposits in 
| Alaska. His review of the names applied to the 

sediments of Middleton Island indicated that 

all nongenetic terms suitable for either hand 
| specimens or outcrops were “either inaccurate 
| or inconveniently long.” Examples of such 
terms include: boulder clay, sandy clay con- 
taining both angular and rounded boulders, 
| massively bedded marine silty sandstones and 
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Abstract 


Existing terminology of till-like sedimentary deposits tends to emphasize genesis 
without considering all possible modes of origin and to suggest relationships to tillite 
that may be erroneous. Therefore new terms (symmicton for sediment; symmictile, 
for lithified equivalents) are proposed as general names for essentially nonsorted, non- 
calcareous, terrigenous deposits composed of sand and/or larger particles in a muddy 


shales containing large and moderate-size 
boulders, shale-matrix conglomerate, shale- 
matrix breccia-conglomerate, “conglomerate”, 
cobble-bearing mudstone. Miller finally chose 
“conglomeratic” sandy mudstone as “the best 
descriptive name that can be devised for the 
tillite-like rock.” He suggested informally, 
however, that the Alaskan glacial-marine 
deposits be called yakatagite, following the 
fashion of the term spergenite, proposed infor- 
mally by Pettijohn (1949, p. 179, 301). 

A classification of sediments based on texture, 
set up by R. L. Folk (1954), recognized 15 tex- 
tural group names for various mixtures of grade 
sizes that include gravel (particle diameters 
larger than 2 mm), sand (particle diameters in 
range 2 to 0.0625 mm), and mud (refers to both 
silt and clay; particle diameters smaller than 
0.0625 mm). Folk’s classes are selected on the 
basis of gravel content of 80, 30, and 5 per cent 
and on the ratio of sand to mud. Three classes 
are based on sand:mud ratios of 9:1, 1:1, 1:9. 

Folk’s scheme employs the following names 
in the coarse-grained range: 


Per cent 
gravel Rock name, based on matrix 
30-80 sandy conglomerate 
muddy conglomerate 
5-30 conglomeratic sandstone 
conglomeratic mudstone 
trace-5 slightly conglomeratic sandstone 


slightly conglomeratic mudstone 


Pettijohn (1957, Chapter 6) proposed to sub- 
divide conglomerate into orthoconglomerate 
(“gravels collected by ordinary water currents’’) 
and paraconglomerate (“those deposited by sub- 
aqueous turbidity flows and slides, and by 
glacial ice or other modes of mass transport’’). 
The term conglomeratic mudstone was also used 
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for those deposits which “have a disrupted 
framework—one notable for the greater excess 
of matrix over gravel-sized fragments” (1957, p. 
254). Pettijohn echoed D. J. Miller’s opinion 
that existing terminology is inadequate, and 
therefore chose paraconglomerate: “As the term 
implies, something is amiss or aberrant. These 
rocks are not the products of normai aqueous 
flow” (1957, p. 261). The following synonyms 
for paraconglomerate were listed by Pettijohn: 
conglomeratic mudstone 

pebbly or cobbly mudstone 

boulder clay (= till) 

Gerdéllton (proposed by Ackermann, 1951, 

for nonglacial pebbly mudstone) 

tilloid (nonglacial conglomeratic mudstones) 

Pettijohn commented that the term mudstone 
conglomerate, used in a few instances for these 
rocks, indicates a conglomerate in which mud- 
stone clasts are present. 

Pettijohn recognized two varieties of para- 
conglomerate based on structure of the matrix: 
those in which the matrix is laminated and 
those in which the matrix is nonlaminated. He 
recognized also two other categories based on 
genesis: sediments of nonglacial origin, called 
tilloid (Geréllton); and those of glacial origin, 
called tillite. He noted that the latter is ‘‘in one 
sense a Cataclastic deposit analogous to gouge” 
(Table 43, p. 255). In subsequent parts of the 
text (p. 261-265), where paraconglomerate is 
implied, the following additional terms also 


appear: 
laminated pebbly mudstone 
conglomeratic laminated lutite (rafted 
blocks) 


laminated argillite with rafted blocks (= 

conglomeratic pellodites'). 

Crowell (1957) recognized the possible di- 
verse origins of sediment that may resemble till 
and advocated the use of pebbly mudstone, a 
term not unlike the “conglomeratic” sandy 
mudstone of Miller, “as a descriptive name for 
a rock composed of dispersed pebbles in a mud- 
stone matrix without regard to manner of ori- 
gin.” He characterized these deposits by their 
poor sorting and by the presence of “too much 
matrix to qualify as a conglomerate” (p. 1003). 

This diversity of opinion for the coarse- 
grained varieties has not appeared in the 
nomenclature of fine-grained sediments, for 





1 Pelodite was proposed by J. B. Woodworth 
(1912, p. 78) for lithified glacial rock flour. Pelodite 
was held to differ from pelite by its included glacial 
pebbles. The A.G.I. Glossary attributes pellodite 
to Schuchert (1924, p. 441), who evidently added 
a second / to Woodworth’s term. 


FLINT ET AL.—SYMMICTITE 


many geologists use the term graywacke for 
sandstones with muddy matrix. Others, how- 
ever, define graywacke on the basis of composi- 
tion of the sand-size particles and employ the 
presence of rock fragments, particularly of non- 
feldspathic metamorphic rocks, as an essential 
parameter (Folk, 1954). The terms proposed 
herein offer the possibility of bringing the 
definition of graywacke into sharper focus by 
substituting a more general word for gray- 
wackes that have been recognized solely on a 
textural basis. 

As emphasized by most of the authors cited, 


the nomenclature of nonsorted and_ poorly | 


sorted terrigenous deposits is inadequate and 
tends to place too much emphasis on the simi- 
larity of coarse-grained varieties to till. Indeed, 
the lack of a simple group term for the whole 
spectrum of sediments similar in appearance to 
till may have led to overemphasis on till in 
describing sediments that contain large clasts 
within a lutite matrix, thereby making room 
for possible implication as to genesis. Folk’s 
several classes based on quantitative estimates 
of the grain sizes present are a desirable refine- 
ment of nongenetic terminology; yet some of 
them have disadvantages. For example con- 
glomerate implies a consolidated rock, with 
rounded fragments. Pebbly mudstone might 
perhaps better be called gravelly mudstone, so 
as to include a larger range of grain sizes than 
is suggested by pebble (2-64 mm in Udden- 
Wentworth scale); also it implies a rock rather 
than a sediment. Although paraconglomerate is 
useful in that it implies something peculiar, 
aberrant, or amiss about a rock, it too is a term 
for a rock rather than for a sediment. Further, 
the prefixes ortho and para have been used in 
rather different ways in rock nomenclature, 
Hence applying them to conglomerates with 
still different meanings seems to invite confu- 
sion. For example, an orthoconglomerate could 
be thought of as a coarse-grained equivalent of 
an orthoquartzite; a paraconglomerate might 
be supposed to have close connections with a 
paragneiss or paraconformity (Dunbar and 
Rodgers, 1957, p. 119). 

Although we hesitate to add to geologic 
terminology, we believe that clear need exists 
for a comprehensive term to designate non- 
sorted essentially noncalcareous sediments con- 
sisting of sand and/or larger particles dispersed 
through a muddy matrix. The term should be 
applicable to till, to all other sediments that 


resemble till in respect to range of grain size | 


and sorting, and to poorly sorted sands in a 
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muddy matrix, without regard to mode of 
origin. A related but separate term is needed 
for the lithified equivalents of these sediments. 

After consultation with Professor C. Brad- 
ford Welles, Department of Classics, Yale 
University, we propose for the sediment: 
symmicton, derived and anglicized from the 
Greek symmeikton, which refers to mixed sub- 
stances of any nature. In this case it refers to 
the mixed size grades. For the lithified equiva- 
lents we propose symmictite. 

A symmicton, therefore, is any nonsorted or 
poorly sorted terrigenous sediment that con- 
sists of sand and/or larger particles in a muddy 
matrix.” Size distribution is commonly bimodal 
or polymodal, with one or more modes in the 
coarse-grain range and one or more in the silt- 
clay sizes. A symmictite is a lithified symmicton. 
Both terms are noncommital as to genesis. 

We believe there are two good reasons why 
these names are desirable: 

(1) As far as we know, the existing nomen- 
clature includes no general term embracing 
mixed terrigenous sediments of all kinds, re- 
gardless of origin. Such a term is needed for 
convenience. In facilitating description, the 
term should aid in avoiding commitment as to 
the origin of a sediment whose agency of deposi- 
tion is uncertain. It seems likely that the exist- 
ence of the specific terms “ill and Uillite, in the 
absence of a general term, has encouraged 
glacial rather than other possible interpretation 
of mixed sediments and their rock equivalents. 
Use of the terms here proposed might, there- 
fore, lead to reappraisal of the origin of some of 
the coarse-grained sediments and rocks origi- 
nally interpreted as glacial. Some “‘tillites” 
may not survive such reappraisal (Crowell, 





* Certain limestones (shell fragments in a lime- 
mud matrix, for example) have the range of grain 
sizes indicated here and can even originate through 
some of the same processes suggested for the 
terrigenous deposits. However, because of their 
bioclastic origin we exclude them. But we do 
include sediments that contain abundant rock 
fragments of older limestone. 
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1957; Newell, 1957; Sanders and Cecioni, 1957; 
Van Houten, 1957). 

(2) The proposed names discriminate fully 
and clearly between sediments and rocks. 
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Gooding, Thorp, and Gamble (1959) recently 
ypresented evidence showing that leached, 
clay-enriched zones in outwash beneath cal- 
|careous till, widespread in southwestern Ohio 
jand southeastern Indiana, are not remnants of 
\a paleosol of regional extent as interpreted by 
several workers (see references listed in Gooding 

'd al., 1959; Goldthwait and Burns, 1958; 
Kempton and Goldthwait, 1959; Goldthwait, 
1959) but are downward extensions of the 
| present surface soils through cracks and joints 
lin the overlying calcareous till. These zones 
jhave been observed at various stratigraphic 
| levels in the drift of the area wherever there is 
good drainage through jointed surface till 
underlain by sand and gravel. We implied, 
‘therefore, that the interpretation of these zones 
/as remnants of a paleosol, and their use as a 
basis for stratigraphic correlations in Ohio, 
has led to erroneous conclusions about the 
|Pleistocene history of this area. We believe 
that the evidence at hand does not support 
\the interpretation of a post-Sangamon-pre- 
{classical Wisconsin glaciation and soil-form- 
ing interval in this area, although we do 
not deny the possibility of such events. 

This paper describes two similar pseudo 
buried soils outside the Ohio-Indiana area and 
presents C4 data on the leached, clay-enriched 
zones in outwash beneath calcareous till at 
two sites near Richmond, Indiana, which we 
believe support our earlier conclusions. 

’ In addition to having observed these soil-like 
anes in many places and at several strati- 
gtaphic levels in the drift of southwestern Ohio 
and southeastern Indiana (Gooding et al., 1959), 
we observed during the 1959 Eastern Section 
meeting of the Friends of the Pleistocene 
what we believe to be the same phenomenon 
developed in a thin layer of sand and fine 
gravel beneath a thin clayey till in the vicinity 
of London, Ontario, Canada (Dreimanis and 
Packer, 1959, Stop 12, unit 3, p. 23). Dreimanis 
(1958, p. 81) suggested a correlation of the 
dayey till that overlies the leached, clay- 
‘enriched zone with the till that was deposited 
‘by the glacial advance which reached beyond 


} 
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IN SOUTHWESTERN OHIO AND SOUTHEASTERN INDIANA: 
NEW OBSERVATIONS AND DATA 


i By ANsEL M. Goopinc AND ERLING GAMBLE 


the Defiance moraine in eastern Ohio. White 
(1951, p. 976) suggested that this till is middle 
to late Cary in age. 

Although clay-filled joints in the thin till 
overlying the leached, clay-enriched zone were 
not well displayed at Dreimanis and Packer’s 
Stop 12, other evidences showed that the soil- 
like zone could not be a remnant of a paleosol. 
In places, the entire sand and gravel zone and 
a few inches of the top of the underlying till are 
leached and enriched with clay. In other places, 
however, the top of the leached, clay-enriched 
zone is irregular. It crosses the stratification of 
sands, leaving calcareous, clay-free “lenses” 
over the leached zone, and in some places the 
leaching and clay enrichment extend a few 
inches up into the base of the overlying clayey 
till. The last feature demonstrates beyond 
reasonable doubt that the leaching occurred 
after the upper clayey till was deposited. 
Dreimanis and Packer had asked the question: 
“Ts this a paleosol or the result of underground 
water leaching?” (1959, p. 23). Dreimanis now 
agrees with us on its secondary origin (personal 
communication). 

This apparent “buried soil’’ beneath probable 
middle to late Cary till in Ontario is clearly of 
the same origin as those occurring beneath 
tills of various earlier Wisconsin subages 
over wide areas of Ohio and Indiana. 

Another new observation of particular 
significance has just been made by James 
Thorp in Africa. He reported recently on the 
occurrence of a similar weathered zone, with 
dark-brown clay skins, beneath the topmost 
volcanic ash deposit near Nanyuke, northwest 
of Mt. Kenya, Kenya. He has stated in a 
personal communication: “I thought at first 
it was a buried soil, but close examination 
showed that it connects, along cracks and 
joints in the ash, with the soil at the present 
surface. Furthermore, there is no A horizon.” 

The above two new observations suggest to 
us that an understanding of the origin of these 
false “buried soils”, and the criteria by which 
they are recognized, may be of more far-reach- 
ing importance than just with respect to the 
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Ohio-Indiana Pleistocene problem. When 
workers find soil B horizonlike material on sand 
and gravel beneath calcareous till, or other 
material beyond drift regions, evidence for a 
connection with the present surface soils 
through cracks and joints should be sought. It 
is essential, also, to find at least a remnant of an 
A horizon in position before such zones are 
finally identified as paleosols and given strati- 
graphic status. 

Cy, dates have been obtained recently on 
leached, clay-enriched zones in outwash be- 
neath calcareous till from two sections near 
Richmond, Indiana (the Middle Fork section 
is Fig. 1 in Gooding e¢ al., 1959, p. 922) which 
tend to support our previous conclusions on the 
secondary origin of these soil-like zones (dis- 
cussed in detail in Gooding et al., 1959) and 
show a valuable means of testing the validity of 
questionable “buried soils” in other areas. 

Chemical analyses of the B horizon of the 
present surface Miami Family of soils in south- 
western Ohio and southeastern Indiana show 
considerable colloidal organic material inti- 
mately mixed with the illuviated B horizon 
clay (Brown and Thorp, 1942, Table 8, p. 38). 
Samples of the leached, clay-enriched material 
in outwash beneath calcareous till from two 
sections were analyzed and found to contain 
colloidal organic matter in quantity similar to 
that present in the B horizons of the surface 
soils. We reasoned that, if the colloidal organic 
matter in these leached, clay-enriched zones 
beneath calcareous till could be extracted in 
large enough quantity, a C4 date on these zones 
would shed light on their true nature. If these 
zones are actually remnants of a true buried 
paleosol, Cis dates on their colloidal organic 
matter should be older than Cy, dates on wood 
found in overlying till (providing the wood was 
not picked up from still older drift). On the 
other hand, if these zones are downward 
extensions of the present surface soil through 
cracks and joints in the overlying calcareous 
till, as we contend, Cy, dates on their colloidal 
organic material should be more recent than 
dates on any wood found in the till which 
overlies them. Furthermore, if our interpreta- 
tion of these zones is correct, the Cy, dates on 
the colloidal organic matter from these zones 
would be expected to vary from one site to 
another, because the colloidal organic material 
might well be a mixture of different proportions 
of that which collected at various periods as 
soil formation advanced. The proportions of 
this mixture of older and younger colloidal 
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organic matter in the illuviated zones on out- 
wash beneath caicareous till would naturally 
vary from place to place. 

A 25-pound can of leached, clay-enriched 
material developed in outwash beneath cal. 
careous till was taken from each of two sites 
near Richmond, Indiana, and representative 
samples contained enough organic carbon for 
Cy, dating. The organic carbon analyses wer 
made by Mr. Roger Simkin, Earlham College 
Chemistry major, following the method outlined 
by Peech et al. (1947, p. 5-7). The samples were 
treated and dated at the Lamont Radiocarbon 
Laboratory, Columbia University, by Mr, 
Edwin Olson and Dr. Wallace S. Broecker. 

Following are descriptions of the two sections 
near Richmond, Indiana: 
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tion shown in Fig. 1 of Gooding et al., 1959, p. 922). | til, in b 
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arbon | L-474A, 13,300 + 650, Middle Fork section, 
Mr} unit 6 (Gooding sample No. 20, collected 

| July 1958). 

ctions | L-474B, 4,800 + 200, Magaw gravel pit section 

unit 2, (Gooding sample No. 21, collected 

July 1958). 

along, Although no Cy, dates are available in the 

14.N,/immediate area on wood from the overlying 
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HF Leverett and Taylor’s (1915) “Bloomington” 

moraine where the surface till is “Champaign” 
(till sheet B in Gooding, 1957). A C4 date un 
le de- 


wood from Bloomington back-water silts behind 
ivalley-train outwash in Illinois is 15,600 + 600 
ointed | (W-381) (Rubin and Alexander, 1958, p. 1478). 
’ con} Jf interpretations in Ohio are correct, how- 
—_ ever, and the widely occuring leached, clay- 
riched enriched zones in outwash beneath calcareous 
round-|till in this area are remnants of a post-Sanga- 
s also/mon-pre-classical Wisconsin soil, Cy dates 
31 with | the colloidal organic matter from these 
+ con-Zones should be much older than we have 

below|interpreted for the age of the overlying till at 
le No.| the sections herein described. Ohio workers have 
correlated these soil-like zones in outwash 
beneath calcareous till with leached zones in till 

withjat the Sidney and Brush Creek, Ohio, exposures. 
clay-|Wood reportedly collected from the top of the 
eda Sidney, Ohio, buried soil gives a Cys date of 
23,000 + 800 (W-188) (Rubin and Suess, 1955, 
p. 483), and wood collected from the till which 
overlies the buried soil at Brush Creek, Ohio, 
gives a Cys date of 22,000 + 1,000 (W-414) 
958 in|(Rubin and Alexander, 1958, p. 1477; La 
ounty,{Rocque and Forsyth, 1957, p. 81, 88). 

It is true that these dates (L-474A, 13,300 
+ 650, and L-474B, 4,800 + 200) on the 
leached, clay-enriched zones beneath calcareous 
te ab itill at the sections near Richmond do not prove 
hes oftiat the “soil-like” zones are not remnants of a 

buried soil: they may merely demonstrate 
jointeéloontamination of a true buried soil. The 
7 eeakeological evidence (see Gooding et al., 1959) 
ij] ftom these and dozens of other sites, however, 
mostlypuggests that the colloidal organic matter in the 
ted zones is entirely of post-till age, and that 
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the considerable difference between the dates is 
due to the expectable variation in the propor- 
tions of older and younger colloidal organic 
matter that has been illuviated during the time 
of surface soil formation. Additional C,, dates on 
these soil-like zones in Ohio and Indiana, espe- 
cially those that are interpreted as true buried 
soils by Ohio workers, might help to clarify the 
present controversy over their origin and 
stratigraphic importance. 
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S. Ge CLAY MINERALOGY OF THE SEDIMENTS OF THE 
Science GREAT SALT LAKE, UTAH 
isconsin 
1 River By Ratpn E. Grim, Georces KuLBicki, AND ALBERT V. CAROzzI 
a Bull, 
Abstract 

i 
HMOND | The modern lake sediments and those of post-Provo age immediately preceding 
aed the present Great Salt Lake have about the same clay-mineral composition. In 

f 


these deposits, the montmorillonite shows a relatively poor organization which may be a 
consequence of the presence of considerable sodium. The montmorillonite may be either 
detrital or precipated or formed by alteration of volcanic ash. 

The illite, probably detrital, is generally well organized showing only a very small 
amount of degrading. The presence of kaolinite in all the lake samples is noteworthy. Itis 
almost certainly detrital. There is a general absence of substantial mixed-layer compo- 
nents as well as of any chlorite, and there is no suggestion of attapulgite-sepiolite clay 
minerals. 

The Alpine and Provo sediments of the Lake Bonneville terraces have a clay-mineral 
composition somewhat different from that of the modern lake sediments; they show a 
highly degraded chlorite and a very well-ordered montmorillonite. 

The green clays of Early Pleistocene age also have a distinctive clay-mineral composi- 
tion corresponding to a high content of illite and a low content of montmorillonite asso- 
ciated with the presence of chlorite. 
| The clays occurring in the Great Salt Lake Desert west of Knolls contain at a depth 





| of about a foot a thin bed of nearly pure, unconsolidated dolomite. 


Introduction 


Since the remarkable study of Eardley (1938) 

on the Great Salt Lake sediments, no system- 
jatic investigation of their clay-mineral com- 
position has been reported. 
' Peculiar conditions of sedimentation such 
}as those of the Great Salt Lake have often been 
considered as a possible favorable environment 
for the genesis of attapulgite-sepiolite clay 
minerals, Such a hypothesis led the writers to 
undertake in the summer of 1958 a systematic 
investigation of the entire stiore-line develop- 
ment of the Great Salt Lake. To this basic 
scheme was added a scattered sampling of the 
sediments of the Great Salt Lake Desert and 
of the terraces of Lake Bonneville. 

The writers analyzed 120 samples in the Clay 
Mineralogy Laboratory of the University of 
Illinois, and the results are considered here. 

The clay-mineral determinations are based 
on X-ray diffraction using oriented aggregates 
\(Johns, Grim, and Bradley, 1954). The samples 
| were fractionated at 2 microns prior to analysis. 
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Analysis of Collected Materials 


The samples have been classified into the 
following groups: green clays of Early Pleisto- 
cene age; Alpine and Provo sediments of Lake 
Bonneville terraces; post-Provo sediments 
immediately preceding the modern Great Salt 
Lake; and modern Great Salt Lake sediments. 


Green clays of Early Pleistocene age 

These green clays were sampled at an ex- 
posure along the Old Mill road, east of Salt 
Lake City and below the mouth of Big Cotton- 
wood Canyon, just west of the Old Mill (Fig. 
1, loc. 1). The exposure consists of well-in- 
durated siltstones and claystones interbedded 
with beds of unconsolidated clays (Jones and 
Marsell, 1955). 

The typical clay-mineral composition is 
illite 60%, chlorite 15%, kaolinite 15%, 
montmorillonite 10%. The illite is well crys- 
tallized, but the chlorite is thoroughly degraded, 
approaching a material with the characteristics 
of vermiculite. 
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Alpine and Provo sediments of Lake Bonneville 


terraces 


Green and red to brownish Alpine silts were 
sampled in the railroad cut of the Jordan River 
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Ficure 1.—Map oF DIsTRIBUTION OF SEDIMENTS IN THE GREAT SALT LAKE AREA 
Showing location of localities investigated. Adapted from Eardley (1938). 


Narrows (Fig. 1, loc. 2) and also south of 
Parleys Canyon (Fig. 1, loc. 3) where they 
alternate with gravels and sands. The Provo 
silts were sampled along Victory Road in Salt 
Lake City (Fig. 1, loc. 4) where they are inter- 
bedded with gravels and sands. 

A typical sample of the Alpine silt has the 
following clay-mineral composition: illite 60%, 
a mixed-layer assemblage of chlorite and 
montmorillonite 30%, kaolinite 10%. The 
chlorite is thoroughly degraded, and the illite 
shows slight degrading. 

The Provo silt samples have the following 


SCALE 


of montmorillonite produced by the alteration 
of ash in bentonites. No positive identification 
can be made of the component listed as kao 
linite or chlorite. 


Post-Provo sediments immediately preceding th 
modern Great Salt Lake 

The post-Provo sediments are located below 
the Provo terrace and represent a number a 
shore lines corresponding to the progressive 
shrinking of the lake immediately preceding the 
present time boundaries. These sediments con- 
stitute the inland portion of several profile 
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which were carried across the present lake 
shore line into the lake itself. 

Profile 5 (Fig. 1, loc. 5) displays predomi- 
nantly black clays under local salt crusts. It 
extends from Brigham City railroad station 
downstream along the Bear River to its mouth 
in the Bear River National Wildlife Refuge. 
The profile is 17 miles long, and a sample was 
collected each mile. The clay-mineral compo- 
sition of all these samples is substantially the 
same, averaging, illite 50%, montmorillonite 
40%, and kaolinite 10%. 

Profile 6 (Fig. 1, loc. 6) consists of a sam- 
pling of post-Provo sediments, 8 miles west of 
Corinne, north and south of Utah Highway 83 
in the vicinity of basaltic lava flows, in order 
to check their effect on the composition of the 
neighboring deposits. In these samples which 
appear as superficial gray silts becoming red- 
dish toward the bottom of isolated and desic- 
cated ponds, the clay-mineral composition is 
the same as in profile 5 except that the mont- 


> morillonite is slightly more abundant than the 


| illite. 

Profile 7 (Fig. 1, loc. 7) is located on the east 
coast of Promontory Mountains, 4 miles north 
of Promontory Point. It starts at the highway 
level and extends eastward into the salt flats 
for three quarters of a mile. The number of 
samples is 13. The beginning of the profile 
shows gray-blue to brown, humus-bearing 
clays underlying the vegetation. These clays 
grade lakeward into gray-blue to light-gray 
;| surface clays which become black and stinky 
immediately below the salt crust. Again the 
clay-mineral composition of all the samples is 
about the same, averaging kaolinite 15%; 
illite and montmorillonite make up the re- 
mainder in about equal proportions. 

Profile 8 (Fig. 1, loc. 8) is located on the east 
coast of Promontory Mountains, 5 miles north 
of profile 7. It starts also at the highway level 
and extends eastward into the salt flats more 
than half a mile; 8 samples were collected. The 
day-mineral composition is the same as in 
profile 7; here also the clays are predominantly 
gray blue at the surface and become varved, 
black, and stinky below the salt crust. 

Profile 9 (Fig. 1, loc. 9) extends from south of 
High Butte along the highway from Snowville 
to Locomotive Springs National Wildlife 
Refuge, across the salt flats into the present 
lake. The length of the profile is 7 miles of 
which half a mile is in the lake itself; the num- 
ber of samples is 20. The clay-mineral composi- 
tion is the same as in the preceding profiles, 
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except that two samples from close to a basalt 
flow have relatively more montmorillonite. 
As a whole, the clays of this profile are pre- 
dominantly gray at the surface and become 
darker and stinky under the salt crust. 

Additional samples of the post-Provo sedi- 
ments were taken around Kelton (Fig. 1, 
loc. 10) as well as along the eastern foot of the 
Hogup Mountains, 15 and 25 miles south of 
Kelton (Fig. 1 loc. 11 and 12). Samples from 
these points do not differ in composition from 
those of the preceding profiles. 

Profile 13 (fig. 1, loc. 13) was taken in the 
Great Salt Lake Desert and consists of irregu- 
larly distributed samples along an east-west- 
trending line extending parallel to U. S. High- 
way 40-50 from the entrance of the Bonneville 
Race Tracks eastward to 5 miles east of Delle. 
The profile is 65 miles long, and the number of 
samples is 15. All these samples contain about 
10 per cent kaolinite; illite and montmorillon- 
ite in varying proportions make up the re- 
mainder of the clay mineral fraction. Generally, 
montmorillonite is appreciably more abundant 
than illite. Data are not at hand to determine 
the possible significance of this variation. In 
general, the samples of this profile appear as 
whitish to greenish dusty silts at the surface. 
They grade downward into plastic, laminated, 
and greenish clays interbedded with salt layers 
and containing at about a foot below the sur- 
face a thin bed of nearly pure, unconsolidated 
dolomite. This unusual carbonate sediment is 
presently undergoing further investigation by 
D. L. Graf of the Illinois Geological Survey. 


Modern Great Salt Lake sediments 

In addition to the lakeward portions of pro- 
files 5, 7, 8, and 9, two profiles were sampled 
entirely in the Great Salt Lake itself. 

Profile 14 (Fig. 1, loc. 14) was taken at Lake- 
side from the Union Pacific tracks northward 
into the mud flats and the lake sediments for 
half a mile. The number of samples is 9. 
Kaolinite makes up about 10 per cent of the 
clay fraction; montmorillonite and illite form 
the remainder. Montmorillonite is usually 
slightly more abundant than illite. The sedi- 
ments of this profile are light-colored to whitish 
clays associated with layers of odlites and salt. 

Profile 15 (Fig. 1, loc. 15) was taken across 
the mud flats which have joined Stansbury 
Island to the vicinity of U. S. Highway 40-50 
forming a large peninsula. The length of the 
profile is 17 miles, and the number of samples is 
9. The clay-mineral composition is the same as 
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in profile 14. Here the clays are black and asso- 
ciated with odlites near the island; they turn 
gray blue under the vegetation. 

Additional samples were taken south of 
Indian Caves (Fig. 1, loc. 16), on the west coast 
of Promontory Mountains where the _ bio- 
hermal and odlitic belt is very narrow. The 
clay-mineral composition is the same as in 
profile 14. 


General Conclusions 


The clay-mineral composition of the modern 
Great Salt Lake sediments is about the same as 
that of sediments of post-Provo age imme- 
diately preceding the modern lake. In general, 
the montmorillonite shows relatively poor 
organization, which may be a consequence of 
the presence of considerable sodium with its 
high tendency to disperse the clay mineral. 
The degree of organization is particularly poor 
in samples containing considerable organic 
material and in those found at or immediately 
below the surface. Samples from the bottom of 
the lake, particularly those from below the lake 
bottom, show montmorillonite with better 
organization. The montmorillonite is relatively 
more abundant in samples collected close to 
basalt outcrops; this suggests that at least some 
of it is detrital in origin. There is no evidence 
to refute the belief that some of the mont- 
morillonite formed by the alteration of ash 
which may have fallen into the lake or possibly 
was a direct precipitate from the lake waters. 

The illite in the lake sediments is generally 
well organized showing only a very small 
amount of degrading; clearly it is detrital in 
origin. 

The presence of kaolinite in all the lake 
samples is noteworthy. The mineral is almost 
certainly detrital, since the pH and the high 
alkalinity of salts in solution are foreign to the 
environment in which kaolinite would be ex- 
pected to form. In all samples it is not possible 
to be certain that this mineral is in fact kao- 
linite and not chlorite; however, wherever a 
definite identification could be made the 
mineral was kaolinite. 

The general absence of substantial mixed- 
layer components in the lake sediments is of 
particular interest. This can possibly be ex- 
plained as follows: the illite carried into the 
lake was relatively little degraded and was not 
further degraded with the development of 
mixed layering after its deposition. The fact 
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that the chlorite in older sediments surrounding 
the lake is highly degraded suggests that any 
chlorite carried to the lake would possibly be 
further degraded to completely expandable 
material, which would be classed in the lake 
sediments as montmorillonite. In other words, 
the illite and also the kaolinite in the highly 
sodium rich environment would be relatively 
unaffected, whereas the chlorite would be 
degraded beyond the mixed-layer stage so that 
it would be classed with montmorillonite. 

The general absence of any chlorite in the 
lake sediments is also interesting. As indicated, 
any chlorite carried into the lake would prob- 
ably have been lost by complete degrading to 
expandable material which would then be 
classed as montmorillonite. 

The clay-mineral analyses of the lake sedi- | 
ments reveal no suggestion of attapulgite- 
sepiolite clay minerals. These components with 
a high content of magnesium have been reported 
in current evaporites in various parts of the 
world. It seems likely that these clay minerals | 
would form only in a lake with relatively high 
magnesium and not in an environment with a| 
high sodium content, such as Great Salt Lake. 

The Alpine and Provo sediments of the Lake 
Bonneville terraces have somewhat different 
clay-mineral compositions from that of the 
lake sediments. The presence of highly de- 
graded chlorite, of particular interest in these 
sediments, indicates, as noted, that this clay 
mineral is carried into the lake and is lost 
there. A further interesting point with regard 
to the Provo silt samples is the presence in 
them of very well-ordered montmorillonite. 
Some of the latter has certainly been carried 
into the present lake sediments; however, its 
absence is probably to be explained by the 
strong dispersing action of sodium. 

The clay-mineral composition of the green 
clays of Early Pleistocene age distinguishes 
them from the present lake deposits and from 
the Alpine and Provo sediments of the lake 
Bonneville terraces. These green clays are 
characterized by high illite and low mont- 
morillonite plus chlorite. 
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